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STATEMENT OF THE PROBLEM STUDIED

The objectives of the Engine Research Center (ERC) are to conduct research leading to improved diesel v

engines, to provide trained manpower for U.S. needs, and to cooperate in technical information exchange
with Army and other engine laboratories. Fundamental projects addressing continued development of
advanced multidimensional modeling, advanced diagnostic development, experimental investigation of
flnid mechanic mixing phenomena and engine experiments aimed at understanding the potential for
increased power density were undertaken.  The report below is divided into four sections. Each section
concludes with a list of relevant references. The first section reports the results of computational
methodology efforts. The second section summarizes the research on fluid mixing layers and diagnostics
development. The third section gives a detailed account of the work pursuing the potential for increased
power density through enhanced in-cylinder mixing. And the final section is a detailed report on the effect
of intake air or fuel composition manipulation on engine performance. :

SUMMARY OF RESEARCH FINDINGS

Computational Methodology for Engine Design

The goal of this project was to explore methods to incorporate the use of multidimensional modeling in the
engine design process. Traditionally, engine design has been done using experimental trial and error and
experience, coupled with cycle analysis. However, new tools such as comprehensive computer models are
now available. This project aims to develop a methodology for engine combustion chamber desigﬁ by
using advanced computer models guided by informative experiments.

The methodology used the ERC KIVA-GA computer code, and a computational optimization study was
performed for a heavy—duty direct-injection diesel engine. KIVA-GA performs full cycle engine
simulations within the framework of a Genetic 'Algorithm (GA) global optimization code. Design fitness is
determined using a one-dimensional gas—dynamics code for calculation of the gas exchange process, and a
three—dimensional CFD code based on KIVA-3V for spray, combustion and emissions formation [1].

Although multi-dimensional CFD modeling provides a tool for simulating both conventional and
unconventional engine design concepts, an efficient design process must be based on a mathematical or
statistical scheme which “searches” a constraint-limited objective function surface for an optimum. In the
present study, the CFD model was used as a function evaluator which calculates the objective function f(X)




to be optimized, where X is the vector of parameters, or control factors, to be varied. In the present study,
f(X) = 1000/ (R12 + R22 +R3) where Ry = (NOx + HC)/W(NOx + HC)py, Ry = PM/W5 PMp,, and R3 =
BSFC/BSFC(y where (NOx + HC), and PM p, are 2004 EPA mandated emissions levels (3.35 and 0.13
g/kW-hr, respectively) and BSFC () is the baseline fuel consumption (215 g/kW-hr). W; and Wj are
weighting constants (safety factors) set to 0.8 for this study.

The KIVA-GA methodology was used to simultaneously investigate the effects of six engine input
parameters on emissions and performance for a high speed, medium load operating point for which
baseline engine experimental data was available. Start of injection (SOI), injection pressure, amount of
exhaust gas recirculation (EGR), boost pressure and split injection rate-shape were explored. The
predicted optimum results in significantly lower soot and NOx emissions, together with improved fuel
consumption compared to the baseline design, as shown in Fig. 1. The present results indicateA that an
efficient computational design methodology has been developed for optimization of internal combustion
engines with respect to a large number of parameters. More details are given by Senecal et al. {1, 2].

0.16 1
@ _(246) . Increase injection pressure
J Baseline -(150 to 184 MPa)
012 ® (240)
§ | 1€ Increase EGR (12 to 46%)
*\é’ 0.08 \4 Increase boost pressure
- (184 to 230 kPa)
§ 0.04- ®(212) Y  [DlAdvancesol(+1to-1)
Optlmum (231)
' Change injection profile
0.00 . . . 68(10.5)32 to 80(7.2)20
0 1 2 3 4

NOx (g/kW-hr)

Figure 1 Predicted optimum soot and NOx for a heavy-duty diesel engine. The Baseline corresponds to
the initial design and the labeled points show the individual effect of each variable in the optimization
predicted by the ERC KIVA-GA methodology.

Optimization of Diesel Engine Operating Parameters Using Design of Experiments

A study of statistical methods for the optimization of engine operating parameters was conducted. The
objective of the study was to develop a strategy to efficiently optimize operating parameters of diesel




engines with multiple injection and EGR capabilities. Previous studies have indicated that multiple
injections with EGR can provide substantial simultaneous reductions in emissions of particulate and NOy
from heavy-duty diesel engines, but careful optimization of the operating parameters is necessary in order
to receive the full benefit of these combustion control techniques [3]. The goal of the present study was to
optimize the control parameters to reduce emissions and brake specific fuel consumption. An instrumented
single-cylinder heavy-duty diesel engine was used with a prototype mechanically actuated (cam driven)
fuel injection system [4]. Two injection systems were used, the standard Caterpillar Electronic Unit
Injector (EUI), and a prototype “Next Generation Injector” (NGEUI) capable of ultra-high pressure split

injections.

A mathematical declaration of the optimization goal is stated using an objective function similar to that

used by Senecal et al. [1, 2], and the optimization process is reduced to a problem of searching for a .
minimum or maximum on a response surface. The variables included in the optimization process included
injection pressure, boost pressure, EGR rate, injection timing, and split injection parameters. Using the
response surface optimization scheme, the engine could be optimized rapidly, yielding both reductions in
emissions consistent with future heavy-duty standards, and also a substantial reduction in fuel consumption
compared to the same engine using the electronic unit injector (EUI) which was calibrated for 1998

emissions levels, as shown in Fig. 2.

Through use of an optimized double injection with optimized levels of boost and EGR an emissions level
of 2.31 gkW-h NO+HC with 0.045 g/kW-h particulate was achieved with a brake specific fuel
consumption of 239 g/lkW-h. These emissions values are consistent with 2004 US EPA emissions levels
and the optimized configuration's BSFC is a 7% improvement over the baseline EUI's BSFC. Further, the
present work demonstrates that RSM optimization is an effective method for optimizing engine operating

parameters.
Multi-dimensional Simulation of Diesel Engine Cold-Start

The complex physical processes occurring during cold starting of diesel engines mandate the use of
advanced physical submodels in computations. The present study utilized a continuous probability density
function to more fully represent the range of compositions of commercial fuels [5]. The model was applied
to single droplet calculations to validate the predictions against experimental results. Analysis of a high-
pressure diesel spray showed axial composition gradients within the spray. Previous wall-film modeling

was extended to include the continuous multi-component fuel representation. Using these models, the

.cold-start behaviour of a heavy-duty diesel engine was analyzed. The predictions show that multi-

component fuel modeling is critical to capturing realistic vaporization trends. In addition, the
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Figure 2 Measured Particulate and NOx for a heavy-duty diesel engine operating at 57% load, 1757

rev/min using the Response Surface optimization technique. Point 4 shows the optimum point.

spray-film interaction modeling is crucial to capturing the spray impingement and subsequent secondary
atomization. Heating the intake air temperature was shown to result in reduced ignition delay and
accelerated vaporization. Increasing the fuel temperature increases vaporization prior to and away from the
initial heat release. Increasing the injection pressure increased vaporization without much change in the
ignition delay. Split injections, with 75% of the fuel contained in the second pulse, displayed a substantial
reduction in ignition delay due to the ignition of the first pulse. The timing of the first injection was found
to be an important parameter due to differences in the spray impingement behavior with different timings

[6].

Comparisons of Predicted Diesel Spray Liquid Penetration with Optical Measurements

The performance of two spray models for predicting liquid and vapor fuel distribution, combustion and
emissions was investigated. The model predictions were compared with extensive data from in-cylinder




laser diagnostics carried out in an optically accessible heavy-duty, D. 1. diesel engine over a wide range of
operating conditions [7]. Top-dead-center temperature and density were varied between 800 K and 1100 K
and 11.1 and 33.2 kg/m’, respectively. Two spray breakup mechanisms were considered: due to Kelvin-
Helmholtz (KH) instabilities and to Rayleigh-Taylor (RT) instabilities. Comparisons of a wide range of
parameters, which include in-cylinder pressure, apparent heat release rate, liquid fuel penetration, vapor
distribution and soot distribution, have shown that a combination of the KH and the RT mechanisms gives
realistic predictions. In particular, the limited liquid fuel penetration observed experimentally was captured
by including these two competing mechanisms in the spray model, as shown in Fig. 3. Furthermore, the
penetration of the vapor fuel ahead of the liquid spray was also captured. A region of high soot
concentration at the spray tip was observed experimentally and also predicted by the KH-RT spray breakup
model.
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Figure 3 Liquid fuel penetration as predicted by KH and KH-RT model and measured
in the Sandia optical engine for the baseline operating condition.




Modeling the Effect of Premixed Combustion on Diesel Engine NOx

The effect of the premixed burn on NOx production in heavy-duty diesel engines was investigated
computationally. Previously it was thought that the premixed burn controlled the NOx production.
However, recent experiments have suggested that NOx production in modern diesel engines originates in
" the diffusion burn period. A modified version of the ERC KIVA-3 code was used, and techniques were
developed to track the NOx produced during the differeﬁt phases of combustion. The study was conducted
for a Cummins N-14 engine and for a Caterpillar 3406 engine, with and without swirl. The results show
that in engines without significant swirl, the NOx is formed from the diffusion burn, and also from the air
entrainment process that occurs at the tail of the spray at the end of injection. Most of the NOx is formed at
the periphery of the spray, and very little new NOx is formed after the end of combustion. However, with
swirl, the NOx forming regions are swept downstream, and significant NOx is formed from the premixed
burn. In addition, the upstream portion of the diffusion flame produces very little NOx. These processes
are depicted in the model shown in Fig. 4.

NOx - Diffusion Flame

NOx - Ignition

NOx -

End of Spray No Swirl

With Swirl

NOx - Diffusion Flame

End of Spray  Side of Combustion Plume  Ignition Region

23

Figure 4 Conceptual picture of NOx formation mechanisms in a heavy-duty diesel engine
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Planar Reacting Shear Layer
Students: Darius Mehri, Steve Boucher, Marcus O’Brien, Lyle Pickett

A planar reacting shear layer apparatus has been designed, constructed and used to investigate mixing-
controlled combustion of hydrocarbon fuels over a range of chemical and mixing rate conditions. The flow
conditioning elements and the test section are enclosed in a pressure vessel which is capable of operation

up to 6 atm. Control of the inlet stream mass flow rates determines the strength of the shear between the

" two streams, which in turn governs the mixing rate of the two streams. In addition, the composition and

temperature of the two streams can be adjusted to vary the global reaction rate. Typical operation has one
stream as the oxidizer (air) which is preheated, and the other stream is fuel diluted in argon and is unheated.

A considerable effort was undertaken to benchmark the facility agajnSt previous results in the literature for
non-reacting conditions since it is known that the initial conditions are important in the development of the
shear layer. Hot wire anemometry measurements of the mean velocity showed a self-similar profile for

distance of 2508, where @is the momentum thickness of the boundary layer at the tip of the splitter plate.
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In addition, high speed shadowgraph movies verified the existence of large-scale structures in the mixing
layer and their dynamics.

In order to investigate the mixing characteristics of the shear layer, passive scalar measurements were made
under non-reacting conditions. Acetone was seeded into the high speed free stream, and planar laser-
induced fluorescence measurements were performed. Large data sets were acquired and statistical
quantities were derived from the measured results. Figure 1a) shows an instantaneous image of the passive
scalar field. The large scale Kelvin-Hemholtz structures are clearly evident, and the layer is seen to be at
the turbulent transition point, which for this facility occurs near a local Reynolds number of approximately
5000. Figure 1 b) and c) show probability density functions for two conditions with a local Re of 5000,
where the high speed boundary layer in 1 c) was tripped to produce turbulent inlet ﬂow conditions. In
Figure 1 b) the pdf shows a preferred mixture composition within the layer which is consistent with the
high speed entrainment bias of shear layer flows. However, the turbulent inlet conditions produce a -
significantly different mixing behavior. The pdf displays a marching shape where no preferred mixture
composition is obtained. A similar result was obtained when the high speed boundary layer was naturally
turbulent. It is believed that turbulence in the inlet streams inhibits the growth of the initial Kelvin-
Helmholtz instability, thus modifying the mixing characteristics in the layer.

Combustion was initiated by using a swirl burner at the splitter plate tip. Once combustion was engaged,
the burner was turned off, and self-sustaining combustion was achieved. The mixing and combustion
processes were investigated using planar imaging diagnostics. Laser-induced fluorescence of OH was used
as a marker of the combustion zone. An interference signal, which was determined to be the laser-induced
incandescence of soot, was found to be an excellent marker of the parent fuel (as confirmed by acetone
fluorescence experiments). Several interesting results have been obtained with this system. Figure 2 shows
the resulting flame morphology and fuel mixing for a case where the free stream velocities were held
constant, but the fuel was switched from the high speed stream (a) to the low speed stream (b). Also shown
are the results obtained from the nonreacting case. In the case where the fuel is in the high speed stream
the flame remains relatively unaffected by the fluid flow, and the rollup frequency of the structures occurs
at a higher frequency than the non-reacting case. However, for the case where fuel is in the low speed
stream, the flame sheet is convected by the flow, and the rollup frequency is decreased from the non-
reacting case. In the former case it is observed that an internal mixing layer is formed between the reaction
surface at low density, and the fuel stream at high density. This observed result agrees with theoretical
predictions of the most amplified instability wavelength for shear layers with density variations. It is
important to note that the observed flame shape differences is not related to a ‘laminarization’ due to the

increase in temperature as both cases have the same stoichiometry, and hence flame temperature.
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Figure 1 Passive scalar results for a case with U,=3 m/s, 1=0.4, (a) instantaneous mixture fraction where the numbers
shown are the local Reynolds number, (b) mixture fraction pdf, (c) mixture fraction pdf with a tripped boundary
layer. :

b)
Soot

Figure 2 Laser-induced fluorescence images of OH, which distinguishes the reaction zone, and laser-induced
incandescence of soot, which distinguishes the parent fuel boundary, for a case with U,=2 m/s, 1=0.4 and propane
as the fuel, (a) fuel on the high speed side, (b) fuel on the low speed side, and () non-reacting result at the same

condition.
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Calibration of the Laser-Induced Fluorescence Technique for Measuring Qil Film Thickness at the
Ring Reversal Region of a SI Engine by Using Capacitance Gauges

A direct calibration of the laser-induced fluorescence technique for measuring oil film thickness was
achieved by performing simultaneous capacitance measurements of the minimum oil film thickness of the
top piston ring. The minimum film thickness determined from the capacitance technique has a high level
of confidence due to the minimal curvature of the top ring, and the fully flooded conditions which can be
expected at the minimum film location. The distance derived from the capacitance measurement was used
as a direct calibration of the voltage signal of the photomultiplier tube used for the fluorescence detection.
A rigorous error analysis was performed, and the results from this technique were also compared to the
subjective technique of ring profile matching.

The simultaneous measurement of film thickness by two methods provided further insight into the nature of
the ring-oil interaction. In particular, the conditions at the trailing edge of the ring were elucidated. The oil
film appears to separate from the ring face, rather than cavitate as has been suggested in the literature. At
the point of separation, the fluorescence signal is seen to decrease, while the predicted distance from the
capacitance data increases significantly. The increase in the capacitance-derived distance is due to the
sudden decrease in the dielectric constant due to the absence of oil. The fluorescence signal was found to
increase again after the ring passed due to the presence of oil adhere to the piston. The direct calibration
method has proven to be the most reliable method available, and has been adopted in ali subsequent work.

Demonstration of a Diagonal Excitation/Observation Technique for Laser Induced Fluorescence of
the CH Radical in Atmospheric Pressure Flames

Background

Planar laser-induced fluorescence (PLIF) of the CH radical is an optical technique which can be used to
determine the location of the reaction zone in combusting flows.! CH is typically found in a relatively thin
region near the leading edge of reaction zones, making it an excellent marker for determination of flame
structure.? 'fwo-dimensional spatial distributions of CH fluorescence can be used to measure scales of
combustidn structures, flame thickness, and evidence of interaction with turbulence. However, application
of PLIF of CH is challenging because of the unique character of the quantum transitions of the CH
molecule.

The CH PLIF technique presented here is intended for the high pressure combustion environment in Diesel
engines. In the regime of high-pressure combustion, saturation of the CH transition is usually not possible
due to line broadening and extreme collisional quenching. In the absence of saturation, the excitation |
efficiency and resulting fluorescence signal are proportional to the oscillator strength of the transition.
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The A2A<>X>IT electronic transition of the CH molecule is extremely diagonal. The oscillator strengths of
transitions for which the vibrational quantum state does not change (v’=v”) are at least 2 orders of
magnitude stronger than the oﬁ'—diagonal transitions for which the vibrational state changes during an
electronic transition (v’=v”).> In high quenching environments like Diesel combustion for which PLIF of
CH is limited by the transition strength, excitation/observation in diagonal bands is therefore preferable.
The rotational branches of the diagonal (0,0), (1,1) and (2,2) vibrational bands, however, are spectrally
overlapped within the wavelength interval of 415 nm to 445 nm.* Application of a filtering scheme which
rejects elastic scatter while efficiently collecting fluorescence emission in the same diagonal band can
therefore be difficult, due to the necessarily small spectral separation between excitation and observation.
Although the transition strengths of off-diagonal bands are weaker, excitation or observation in off-
diagonal bands is more attractive for spectral filtering, due to the greater spectral separation of excitation
and emission wavelengths. Given the diagonal nature of the CH transition, three different classes of PLIF
of CH have been demonstrated, as reviewed by Paul and Dec?.

o Diagonal eXcitation with Off-diagonal Collection (DX/OC): Namazian performed PLIF of CH with
excitation in the Q-branch of the (0,0) diagonal vibrational band near 431 nm using a flashlamp-
pumped dye laser.>* The 1.8 ms pulse was formed into a sheet using a multipass cell, providing a
sheet intensity 30 times that of lens-formed sheets. The resulting fluorescence emission was collected
in the off-diagonal (0,1) vibrational band near 489 nm. Since the excitation and collection
wavelengths were separated by over 50 nm, a conventional 10 nm wide dielectric bandpass filter
centered at 490 nm transmitted the fluorescence emission while rejecting the elastic scatter. The
diagonal excitation strategy of this technique provides relatively high excitation efficiency, but the
because of the weak oscillator strength of the (0,1) off-diagonal vibration band, the resulting
fluorescence emission is two orders of magnitude weaker than that of a diagonal band. In experiments
that are limited by signal strength, this off-diagonal strategy is at a disadvantage to techniques which
employ a diagonal band for observation.

e Off-Diagonal eXcitation with Diagonal Collection (OX/DC): Paul and Dec mixed the fundamental
output of a YAG-pumped dye laser operating with Rhodamine 640 with the leftover YAG
fundamental, exciting the CH molecules in the off-diagonal (1,0) vibrational band near 387 mm’. A
long pass filter was employed to reject elastic scatter while allowing observation of the resulting
fluorescence emission in the (0,0) and (1,1) diagonal bands near 431 nm. The authors believéd that
emission from the (0,0) band was possible because of vibrational energy transfer from the v’=1 state to
the v’=0 state. Since this technique collects radiation from diagonal bands, the potential signal
collected per excited molecule is the highest possible. In saturating conditions, the excitation
efficiency of this off-diagonal technique is nearly as high as that of techniques which use diagonal
excitation, and the spectral filtering is straightforward. In nom-saturating conditions with high
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quenching however, the excitation efficiency of the off-diagonal excitation can be two orders of
magnitude less than techniques which employ diagonal excitation.

o Diagonal eXitation with Diagonal Collection (DX/DC): Allen et al. performed PLIF of CH with
both excitation and observation in the same vibrational band.” Excitation was performed in the R-
branch of the (0,0) band near 428 using a YAG-pumped dye laser operating with Stilbene 420. The
resulting fluorescence signal was observed in the Q-branch of the (0,0) band near 431 nm. Because of
the narrow spectral separation ‘of the excitation and emission wavelengths, a custom 3-cavity
interference filter was constructed to pass the fluorescence emission while rejecting elastic scatter. The
interference filter was constructed with a center wavelength of 431.5 nm, having a bandwidth of 1 nm.
While this technique utilized diagonal bands for both excitation and emission and therefore had the
greatest potential for high signal strengths, the filtering scheme accepted only a small portion of the
available fluorescence emission, limiting the sensitivity of the technique.

The DX/DC-HNF Technique:

Here we demonstrate a DX/DC technique with a new, more efficient filtering scheme. A Kaiser Optical
Holographic Notch Plus Filter (HNF) was employed to reject elastic scatter of laser radiation while
allowing efﬁment collection of fluorescence emission as near as 5 nm away. The HNF has a transmission
of 10° at the central wavelength, while having a transmission of up to 50% outmde the ~8 nm FWHM
bandwidth of the notch. Thermal emission, fluorescence, and chemiluminescence of other species may be
present and may obscure the CH fluorescence signal. An additional conventional dielectric bandpass filter
(BPF) may be employed to spectrally isolate the CH fluorescence emission from these other sources.
Using the HNF in combination with a dielectric 10 nm wide bandpass filter, elastically scattered laser light
may be sufficiently rejected while fluorescence within the CH diagonal emission band is collected.

A computer simulation of the excitation/emission process which accounted for saturation effects, Doppler
and pressure broadening of absorption lines, relative oscillator strengths of rotational branches and diagonal
bands, and population distributions of the ground and excited states was created. The simulation was used
as a design tool to determine the best combination of HNF and BPF center wavelengths under a wide
spectrum of pressure, temperature, and quenching environments.® Under conditions typical of Diesel
engine combustion, it was found that excitation in ihe R-branch of the (0,0) vibrational band near 424.4 nm
with observation centered at 431 nm provided the highest possible fluorescence signal strength. With laser
excitation at 424.4 nm, about 8% of the available fluorescence emission from the diagonal bands between
428 nm and 438 nm is transmitted through the HNF/BPF filter set. In the experiments presented here, it
was not necessary to include the BPF, since significant spectral interference was not present. Some
chemiluminescence emission from C, radicals, however, was present from 465 nm to 565 nm, so a short-
wave pass filter (SPF) with a cutoff wavelength of ~500 nm was employed to remove some of this emission
while transmitting ~80 % of the CH fluorescence. With the substitution of the SPF for the BPF, the total
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transmission of emission in the Q- and P- branches increased to 20 %. This represents an increase in signal
strength by at least a factor of 25 over off-diagonal excitation experiments in non-saturating conditions
typical of Diesel combustion, due to the higher strength of the diagonal transitions.®

Experimental:

A Continuum Powerlite 8010 Nd:YAG laser tuned to deliver 200 mJ at 355 nm in a 6 ns pulse was used to
pump a Lambda Physik Scanmate 2E dye laser operating with Stilbene 3 laser dye. Although the computer
simulation indicated optimum excitation for Diesel engine conditions at 424.4 nm in the (0,0) band,
comparable signal strength could be obtained for nearby lines, such as those near 425 nm. Significantly
higher dye laser efficiency could be obtained operating near 425 nm, so excitation was performed in the R-
branch at the R;(10.5) line. Over 30 mJ per pulse at 425.015 nm was attainable using the fundamental
output of the dye laser. ‘

PLIF of CH was performed in two different flames produced by two different burners for a variety of flow
velocities and mixture strengths. A Victor 4-UM-1 oxyacetylene torch with a 860 pm exit diameter (No. 0
tip) produced a premixed oxyacetylene flame with a ~7 mm high inner cone. The torch was operated in a
room temperature environment at atmospheric pressure and was oriented so that the premixed oxygen and
acetylene exited vertically upward. The vertical laser sheet passed through the central axis of the flame,
and the resulting fluorescence emission was collected at a right angle to the sheet, as shown in Fig 1. The
sheet forming optics for this flame, shown in Fig 2, produced a vertical laser sheet approximately 10 mm
high and 250 um wide.

The technique was also applied to a premixed propane-air flame produced by an 11 mm diameter Bunsen
burner. The burner used a 4-hole collar for flame stabilization. This burner was also operated in laboratory
air at room temperature and atmospheric pressure, with the gases exiting vertically upward. The Bunsen
burner produced a much taller flame (20 - 200 mm) than the oxyacetylene torch, and a different set of sheet
forming optics were used, as shown in Fig 2. These optics produced a laser sheet ~20 mm high and about
250 um wide.

Since the HNF is angle tunable, it should receive parallel rays for best rejection of elastic scatter. An {72
lens systems operating at an infinite conjugate ratio consisting of a 150 mm F.L. object lens and a 300 mm
F.L. image lens, having a magnification of 2, was constructed for the oxyacetylene torch images. The HNF
and SPF were placed between the two achromatic lenses. For the propane-air flame, a 150 mm F.L. lens
was substituted for the image lens, which yielded an /1.5 system with a unity magnification. The SPF was

unnecessary for the propane-air flame, since significant C, emission was not present. Both lens systems

allowed partial collimation of the ~13 mm wide field, providing a maximum half angle divergence of 2.5°
to the HNF, minimizing the angle tuning effects.
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The images were acquired with an EOSI 9437/25 gated, intensified CID camera system. The fluorescence
emission in the laser sheet was imaged onto the face of a DEP PP 0340 image intensifier. The intensifier
was coupled to a CidTech 3710-D CID camera via a fiber optic taper. The intensifier was operated at full
gain, with a gate width of approximately 50 ns. The intensifier was equipped with a S-20 photocathode and
a P-43 phosphor screen. The quantum efficiencies at 430 nm of the photocathode and the phosphor were
~20 % and ~30 % respectively. The electronic gain of the intensifier was 30,000 yiclding a total photon
gain of about 1500. The digital camera image was transferred via analog video to a Data Translation 2862~
SQ-60Hz frame grabber with a 8 bit pixel depth in a 512x480 ficld format. Using a Newport RES-1 backlit
resolution target, the 4% transfer function resolution of the entire system, including intensifier operating at
maximum gain, camera, and frame grabber was determined to be 6 lp/mm on the input face of the
intensifier. The system could therefore resolve features in the plane of the laser sheet as small as ~40 pm

for the oxyacetylene images and ~80 pm for the propane-air images.

The YAG laser was necessarily operated at a 10 Hz pulse rate to maintain the stability and quality of the
output beam for proper operation of the dye laser. Since the 30 Hz frame rate of the synchronized camera-
frame grabber was fixed and unchangeable, the camera acted as the master timing source for the system.
Using a IBM compatible PC equipped with a CIO-CTR-10 1 MHz counter card, the camera frame rate
divided by 3 to generate 10 Hz flashlamp and Q-switch trigger pulses for the YAG laser. The ~50 ns wide
intensifier gate was timed to encompass the 6 ns dye laser pulse using a one-shot delayed pulse generator
circuit. The laser was timed to fire between image frames, allowing the camera to operate normally at 30
Hz, while every third frame contained a fluorescence image. The fluorescence digital images from the
frame grabber were saved to the hard disk of the PC, which reduced the overall acquisition rate to
approximately 1 frame per second, due to the write time to the hard disk.

Results and Discussion:

Images were acquired at a variety of cold flow Rep-equivalence ratio combinations. By adjusting the
equivalence ratio, the degree of lifting for the oxyacetylene flame could be varied from completely attached
to partially lifting to completely lifted. Even with the high collection efficiency of this filtering scheme, the
images were quite dark, registering about 20 out of 255 counts per pixel at maximum gain. There is a good
deal of noise (S/N=~10) in the raw images when the intensifier is at maximum gain, as well as a significant
black level offset (~12 counts).

A post-processing scheme was implemented to improve contrast, remove the background offset, and
remove some of the random intensifier noise. The contrast was improved through a simple linear scaling of
all pixels. A least squared fit to a linear intensity variation across the entire image provided an estimate of
the background offset. This function was subtracted from the image to remove the background offset.
Finally, the image was fit to a second order polynomial of the form:
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where ;; is the intensity of the pixel at coordinates i,/ and A, B, C, D, E, and F are the fit constants. This
function was chosen because it provides for 2-D intensity variations such as parabolic troughs, inclined
planes, saddles, and paraboloids of revolution. A least squares fit to Eq (1) at each pixel was performed,
including pixels within a circular region about as wide as the observed flame fronts. This allowed the
maximum smoothing of the noise, without smearing any of the observed structures. This is the first step of

a post-processing scheme, which will be extended in the future to identify and quantify flame structures.

Post-processed images for the oxyacetylene flame at Rep=8000 and ©=0.46 arc shown in Fig 3. The four
images on the left wefe acquired with the laser tuned onto the R;«10.5) CH absorption line at 425.015 nm.
The four images on the right were acquired with the laser tuned to 425.300 nm, which is between the CH
absorption lines, and should produce no CH fluorescence. The distance above the tip of the torch (in mm)
is given in the scale to the left of each group of images.

This flame was characterized as a partially lifting flame. The flame was attached for about % of the
circumference of the nozzle exit on the right side of the image, while it was beginning to lift along about /4
of the circumference on the left side of the images. The degree of lifting was most dramatically affected by
the equivalence ratio. The flame could be made to change from completely attached to partial lifting to
severe lifting to blow-off with only slight variations of the equivalence ratio from ®=0.5 to ©=0.4.

There was significant emission in the off-line images on the right side of Fig. 3. Ideally, there should be no
signal gathered when the laser is tuned off the CH line. There was no signal present in the absence of a
laser pulse, indicating that the signal is laser generated, and is not merely natural flame emission. The
spatial location of the offline emission seems to be the same as that of the online emission. This was very
evident in laminar flames, which are steady and provide repeatable images from frame to frame. Therefore,
it appears that the source of the offline emission was in the same spatial location as the CH molecules. An
emission spectrum, collected using a spectrometer focussed on a single point within the laser sheet,
indicated that the signal is not due to elastic scatter of the laser line passing through the filters, but rather to
broadband red shifted emission. The broadband emission was observed regardless of the tuning of the laser
within the output spectrum of the Stilbene 3 laser dye, and hence was due to some laser-induced interaction
other than single-line pumped CH fluorescence. Such broadband emission has been observed in other PLIF
studies, and has been attributed to fluorescence of PAH's in the flame.™>°

CH fluorescence images for the propane-air flame at Rep=2000 and ®=1.4 are shown in Fig 4. Again, the

online images are on the left, and the offline images are on the right. The images were acquired at three

different heights for this flame, since the field of view was not large enough to image the entire flame.
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Since the images were acquired at a rate of only 1 Hz and at completely different times, there is no
continuity between images at different heights for the propane-air flame. The distance above the burner tip

(in mm) is again given on the left of each set of images.

In the propane-air images, there was emission present in the off-line images, but it was not as strong as in
the oxyacetylene images. This behavior was observed for all flow conditions studied. This seems to
indicate that the strength of the off-line signal is a function of the composition of the fuel. The spatial
distribution of the off-line emission again appears to be very similar to that of the online CH images.

This technique as applied here was nearly signal limited. The intensifier was operated at its maximum gain
for all images. Even at maximum gain, the fluorescence signals utilized only 10% of the full range of the
CID camera, and post-processing was necessary to enhance the images.

These results fulfill the objective of determining the instantaneous spatial distribution of the CH radical
within a reacting flow. In future work, these images will be used to generate flame “skeletons,” which
represent the spatial location of the center of the flame fronts. The flame skeletons will be interrogated to
determine such quantities as flame curvature, flame thickness, and scales of turbulent structures.

Conclusions:

A diagonal excitation/observation strategy for planar laser-induced fluorescence of the CH radical was
demonstrated in atmospheric pressure premixed oxy-acetylene and propane-air flames. Excitation was
performed in the R-branch of the (0,0) band at 425.015 nm and a holographic notch filter was utilized to
reject elastic scatter at this wavelength. Fluorescence emission was collected in the Q- and P- branches
from 428 nm to 440 nm in the same (0,0) band. A short-wave pass filter was employed to remove G,

emission when probing the oxyacetylene flame.

This configuration provides a fluorescence signal strength that is 25 times larger than previous off-diagonal
techniques. Satisfactory images of the spatial distributions of the CH radical were obtained in both flames.
Even at maximum intensifier gain, the signals were weak, registering only 20 counts out of the availabl§
256 count range of the camera. Significant broadband, red-shifted laser-induced interference was present

even when the laser was tuned off the CH absorption line, and is probably due to PAH fluorescence.

20




PC

I 1

1 oy
YAG ounter Car / \
e 300 mm or 150 mm F.L. ¢
SPF (oxyacetyleneonly) | | ]
HNF l:':::l
150 mm F.L. -
\ / Beam
\\\ //’ Dmnp
\ /
Dye Laser Sheet Forming Optics o
(See Fig ##) Burner
Figure 1: Experimental layout for PLIF of CH
50 mm F.L. CYL
-50 mm F.L. SPH
Dye Beam
J L Knife Edge J Burner
" 40 mm ! 85 mm !
+100 mm F.L. CYL +200 mm F.L. CYL
-50 mm F.L. SPH
Dye Beam

.

[ ) =Il‘ !
60 mm 135 mm 195 mm
Figure 2: Sheet forming opﬁés for oxyacetylene flame (top) and propane-air flame (bottom).

21




Laser tuned on CH line (425.015 nm Laser tuned off CH line (425.3 nm)

Figure 3: CH PLIF images for premixed oxy-acetylene torch at Rep=8000 and ®=0.46. The scale to

the left is the distance above the torch tip, in mm.
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Figure 4: CH PLIF images for premixed propane-air Bunsen Burner at Rep=2000 and ®=1.4. The scale to

the left is the distance above the burner tip, in mm.
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Parameters That Affect the Impact of Auxiliary Gas Injection in a DI Diesel Engine

Brief Summary

The maximum power density that can be obtained from current diesel engines is typically limited by the
constraint on smoke emissions, i.e. smoke limited. In this research effort we investigated the potential to
increase the maximum power out of the engine by inducing additional air fuel mixing during expansion
stroke of the engine. This portion of the burning is usually referred to as mixing controlled. We did this by
invoking an auxiliary gas injection (AGI) system. Experiments were conducted using various gas injection
directions and compositions to explore the effect of theée parameters. Numerical simulations were
employed to provide additional insight. The potential of auxiliary gas injection to facilitate an increased
power density was assessed by its ability to decrease soot emissions. Nitrogen oxide emissions were also
monitored during the experiments. AGI direction was found to have a profound impact on soot emissions.
It is our hypothesis that this was due to changes in the fuel spray-gas jet interaction with injection direction.
Simulations supported this theory and suggested that the number of soot clouds affected by the gas jet may
also be a factor. The oxygen content of the gas jet was also found to have an influence on emissions.
Researchers found that, when the oxygen content of the gas jet was increased, soot emissions decreased.
However, this was found to have a detrimental affect on NO. This was believed to stem from the fact that a
portion of the injected gas was entrained causing it to have a direct impact on the composition inside the
fuel spray where most of the soot chemistry takes place.

BACKGROUND

Since nitrogen oxides (NO,) and particulates (soot) are considered hazardous, both to the environment and
to human health, legislation exists in most developed industrial nations regulating their output. Current
commercial engines are limited in their operating range by constraints of meeting soot and NOx emission
levels. Usually strategies used to affect a decrease in one of these emissions causes an increase in the other.
As these standards become more stringent the limits on peak power density become more severe. Itis
becoming increasingly important to find methods to overcome this soot-NO, tradeoff.

It has been demonstrated that one way to realize this objective is to increase in-cylinder turbulence during
the latter portion of combustion [1-8]. In six separate studies, researchers using various forms of gas jet
intrusion to enhance mixing (e.g. air cells, gas injection) reported significant reductions in soot emissions,
typically accompanied by no change or a slight drop in NO,. Evidence from these studies indicates that the
drop in soot is a result of an increase in soot oxidation brought about by the increased turbulent mixing. It
has been suggested that NO is not adversely affected because the mixing occurs at a time when NO
chemistry is already frozen. [1-8]
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Although the benefits of increasing in-cylinder turbulence have been well demonstrated, the factors that
dictate its impact are still not well understood. In a previous publication [1], the authors established that
increasing mixing is only effective in operating regimes in which the in-cylinder turbulence is insufficient
to enable adequate fuel-air mixing. It was also shown that even when operating in this regime, dubbed

“under-mixed”, the increase in mixing is not always beneficial.

The purpose of this paper is to explore some of the parameters that may be important in determining

‘whether increasing the mixing is beneficial or detrimental in this “under-mixed” regime. Two parameters

will be discussed: the direction and the oxygen content of the gas jet used to generate turbulent mixing.

It has been suggested that the direction of the gas jet is particularly important in this system because it
dictates the nature of the interaction between the gas jet and the fuel spray. The authors contented that it
was this interaction that determines the impact of enhancing the mixing [1].

Evidence supporting this theory was generated by Kamimoto ef al. [2,3] who installed an air cell on a
naturally aspirated, direction injection diesel engine. An air cell is a small chamber connected to the
combustion chamber via a small passage. Air flows into the air cell while the combustion chamber
pressure rises; however, once peak pressure is attained a gas jet emerges from the air cell, thus stirring the
cylinder contents. Kamimoto et al. found that when the air cell passage was directed with the swirl or
towards the center of the engine, a drop in smoke was observed. However, when it was directed against the
swirl of the engine, the air cell had a negative impact. Researchers proposed that, in the former case, the
gas jet created a stagnant interference region that hindered the combustion in the “flame clusters”
immediately following that region.

Mather and Reitz [9] at the University of Wisconsin-Madison further demonstrated the importance of the
location and direction of the mixing in a computational study on the use of air cells in a Caterpillar 3401
test engine. Researchers investigated the four different air cell configurations, each with a different air cell
location and connecting passage direction. It was discovered that only one of the four configurations tested
yielded a reduction in soot. Researchers concluded that this was indicative of how sensitive this system is

to the interplay between the in-cylinder air flow, the fuel spray, and the gas jet.

The oxygen content is also thought to have considerable influence over the effect of the gas jet since
oxygen atoms are principle participants in soot oxidation. Yamaura et al. [4] demonstrated the importance
of this parameter by injecting various gases into the combustion chamber of a naturally aspirated, direct
injection diesel engine. Researchers found a large benefit to injecting oxygen as opposed to inert gases
such as argon, helium, or nitrogen. ‘
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In the current investigation, the authors investigated the affect of both of the aforementioned parameters on
DI diesel combustion. Mixing was enhanced in this study using an auxiliary gas injection (AGI). The
affect of the direction of that injection was investigated using three different gas injection angles (see
Figure 1). At two of these directions, both nitrogen and air were injected to determine the effects of the
oxygen concentration of the gas jet.

EXPERIMENTAL SETUP AND PROCEDURE

The engine used in this investigation is a single cylinder, 1.2 liter, direct injection diesel engine with
simulated turbocharging. This engine has zero swirlanda 16 to 1 compression ratio. For this study, it was
equipped with an auxiliary gas injector, which was used to increase in-cylinder mixing by injecting either
air or nitrogen into the combustion chamber. Figure 1 shows the placement of this injector relative to the
fuel injector and pressure transducer as well as the three gas injection directions used in this study as seen
from a plan view. These three direction (labeled A, B, and C) are aimed 0°, 45°, and 90° from the center of
the combustion chamber, respectively.

Intake Exhaust
Valve Valve

Gas Injector
Figure 1. Cylinder Head Configuration and AGI Directions

The fuel injection system on this engine consists of a Robert Bosch Model P-6000 Pump which supplies
fuel to a Stanadyne 780328 fuel injector. The nozzle of the injector has eight equally spaced 0.18 mm
holes at a 165° cone-angle. The popping pressure for this injector was found to be 22 MPa (3200 psi). This
was believed to be the minimum injection pressure for this system, occurring at the beginning and end of
the injection event. The fuel injection pressure should be somewhat larger than this value during the bulk

of the event.
The gas injector used in this investigation is a Diesel Technologies compressed natural gas injector. This

injector is solenoid activated and requires 12 volts/24 amps to energize. The nozzle tip had a single hole,
0.7 mm in diameter oriented 45° downward into the combustion chamber (see Figure 2). This angle was
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chosen as an optimum after studying the effect of injection angle on air motion using a KIVA simulation
[l

|| ||

Gas Fuel
Injector Injector
45°
Fuel
Gas Injection

Injection

Figure 2. Cross Section View of Combustion Chamber

Gas was injected at 13.8 MPa (2000 psi) throughout this study. The temperature of the gas jet was not
controlled; however, it was monitored and found to be 290-305K (62-89°F) at all times. The beginning of
gas injection (BOGI) was set at 10 CA ATDC and the duration of gas injection (DOGI) was set at 9.69 ms
(87.2 CA at 1500 rpm) for all injection cases run in this study. The BOGI value was set after preliminary
testing indicated that injecting at that time yielded the largest soot reduction. DOGI was set at the shortest

duration attainable with the current gas injection system.

Five distinct gas injection cases were run in this investigation. These cases differed in gas injection
direction and composition. Table 1 shows the directions and compositions of these five cases. As this
table indicates, three gas injection directions were examined. All three were tested using nitrogen as the
injection specie. To determine the effect of AGI oxygen concentration, air was tested at two of the three
AGI directions.

For all five experiments outlined above, the engine was operated at 1500 rpm. Turbocharging was
simulated by regulating and heating the intake air to 179 kPa (26 psia) and 60°C (141°F) and adjusting the
exhaust pressure to 180 kPa (26.2 psia). Fuel was injected at 2.2 CA BTDC, the most retarded fuel
injection timing possible on this engine. This was done to ensure choked flow from the injector, thus
forcing the mass flow, momentum, and kinetic energy out of the injector to remain constant throughout the
gas injection process. This was also done because the retarded fuel injection timing was thought to

represent a case of low NO and poor air utilization.
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Table 1. Gas Injection Direction and Composition

AGI Direction AGI Composition
Experiment #1 A Nitrogen
Experiment #2 B Nitrogen
Experiment #3 C Nitrogen
| Experiment #4 A Air
Experiment #5 B Air

Soot measurements were taken using a mini-dilution tunnel. A complete description of the mini-dilution

tunnel can be found in a paper by MacDonald et al. [10]. Soot samples were captured on a 47 mm diameter

filter for approximately 30 minutes. Dilution ratios were determined for each sample by measuring the

CO, concentrations of both the dilution gas and the raw engine exhaust. Those concentration as well as
those of species such as NO and CO was measured using a Nicolet REGA 7000 Real-Time Exhaust Gas
Analyzer Fourier Transform Infrared (FT-IR) system. The soluble organic fraction (SOF) of each sample

was determined using the Soxhlet extraction method [11] with dichloromethane as the solvent.

COMPUTATIONAL PROGRAM

Multidimensional computer simulations of AGI in the TACOM-Labeco engine were performed to support

experimental efforts. Simulations of experiments 4 and 5 were conducted to provide insight into
differences in combustion and fluid mechanics between direction A and B cases.

AGI Location

Figure 3. Top View of the Computational Domain.
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A modified version of the KIVA code [12] with improved submodels for the diesel spray, combustion, and
pollutant formation was employed for these simulations. A description of these submodels can be found in
Mather and Reitz [13].

Figure 3 shows the computational domain, a cylindrical grid consisting of 81,000 cells. The gas injector
was modeled using a special high-speed gas jet inflow boundary condition, the location of which is shown
in Figure 3. A full description of this jet model and its implementation is presented in a paper by Mather
and Reitz [14].

RESULTS AND DISCUSSION

GAS INJECTION DIRECTION - Figure 4 shows the soot emissions at various equivalence ratios ranging
from 0.35 to 0.55 for the bascline case (i.e. no gas injection) and the three nitrogen injection cases
(experiments #1-3). As a reference, the top x-axis on this figure has air-fuel ratio values. This was done
only on this figure in order to give the reader a mental template of the conversion between equivalence
ratio and air-fuel ratio. The units for soot (and NO) emissions are shown here based on indicated values
for power rather the industry standard brake values because the study was conducted on a single cylinder
engine, for which torque reading tend to be less stable than in multi-cylinder engines. On this figure, data
points represent average soot values at a given equivalence ratio. The lines that accompany these data
points are statistical representations of the data along with their upper and lower 95% confidence bands.
These lines were generated using a statistical package that extrapolated the lines beyond the range of the
data. Caution should be taken however in using those extrapolated values.
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Figure 4. Soot Emissions for Three AGI Directions

Figure 4 indicates that when no gas was injected soot emissions increased with equivalence ratio according
to a second order polynomial. This trend is expected when taking into account the fact that soot is related
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to the quality of fuel-air mixing and that, as the amount of fuel in the cylinder increases, it becomes
exceedingly difficult to adequately mix these two substances. As a result, the increase in soot becomes

greater as the equivalence ratio increases.

Of the three gas injection directions used in this study, only direction B yielded a reduction in soot.
However, even at this direction, the gas injection only brought about a decrease at high loads. At low
loéds, the gas jet caused an increase in soot. Injecting in direction A (i.e. straight into the combustion
chamber) caused an increase in soot emissions at all equivalence ratios. Injecting in direction C (i.e. 90°
from the center of the combustion chamber) appeared to have no affect on soot.

It is believed that theses results can be explained by examining how changes in gas injection ‘djrection alter
the interaction between the gas jet and the fuel spray. To determine the nature this interaction for each gas
injection direction, the trajectories of the eight fuel sprays were superimposed onto the plan view drawing
of the combustion chamber (see Figure 5). The sole purpose of this figure is to determine where and how
the gas jet collides with the various spray plumes. Consequently, the superimposed images shown here are
not on the same scale. In addition, since it is beyond the scope of this study, no in depth comparisons of the
gas jet and fuel spray momentums and collision velocities is presented here. It should be noted, however,
that the momentum fluxes of the two injection events were the same order of magnitude which would
enable each of them to exert influence over the other.

Intake -
Valve

[njector

Figure 5. Fuel Spray-Gas Jet Interaction
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From this figure, it appears that when direction A was used the jet worked directly against the motion of the
fuel spray. It is believed that this interaction prevented the fuel spray from penetrating as far into the
combustion chamber as it would have if no gas jet was present. As a result, combustion in the effected
plume was richer, thus causingv an increase in soot emissions. Additionally, the area of increased
turbulence was at the head of the fuel spray in this case, an area that was shown to have little air
entrainment by both Won et a/. [15] and Dec [16]. As a result, the benefit of increasing in-cylinder mixing

was minimal.

When gas was injected in direction B, the gas jet appeared to crash into the adjacent fuel spray in an arca
where Won et al. [15] and Dec [16] claimed that the bulk of air entrainment occurs. As a result, the gas jet
was able to increase air entrainment and fuel-air mixing in this case, thus explaining the decrease in soot
emissions. The fact that an increase in soot emissions was observed at the low loads indicates that an
additional mechanism is present which either enhances soot formation or inhibits soot oxidation. The most
plausible mechanism comes from the fact that an inert gas was injected. As a result, the average oxygen
concentration of the gas being entrained in the fuel spray was reduced, thus reducing the oxygen
concentration where soot chemistry takes place [15, 16]. At high loads, the benefits of the mixing were
enough to overcome this effect; however, at low loads where mixing was not as much of an issue, this
effect had a dominating impact.

When gas was injected in direction C, the gas jet appears to hit the cylinder wall before reaching a fuel
spray. As a result, the gas jet velocity was far less when it reached an area where it could have an impact
due to either premature dissipation or increased travel distance, causing it to have little impact on soot

emissions.

Computational results support the proposed differences between injecting in direction A and direction B.
Figures 6 and 7 show snapshots at 20 CA ATDC of how gas injection affects the fuel spray and the soot
clouds for these two directions, respectively. In Figure 6, the fuel spray facing the gas jet has been
shortened and that the area of the soot cloud is larger and closer to the center of the combustion chamber.
However, in Figure 7 no such shortening of the fuel spray was observed. In addition, when injected in
direction B the gas jet sweeps aside the soot cloud immediately in front of it and proceeds towards the side
of the adjacént fuel spray.
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AGI

Fuel Spray Cloud

Figure 6. AGI in Direction A (20 CA ATDC)

AGI

Fuel Spray Soot Cloud

Figure 7. AGI in Direction B (20 CA ATDC)

The computational results offer an additional explanation for the differences between these two injection
direction cases. As combustion proceeds, the gas jet in the direction A case flows directly across the
combustion chamber only affecting one or two additional soot clouds (see Figure 8). However, when
injected in direction B, the gas jet swirls around the combustion chamber affecting all but three soot clouds
that remain at 98 CA ATDC (see Figure 9).
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Soot
Cloud

Figure 8. AGI in Direction A (98 CA ATDC)

Despite the various changes in soot, SOF percentages did not change significantly from baseline SOF
values for any of the cases discussed here. This indicates that the mechanisms that cause the changes in

soot here do not affect the deposition of hydrocarbons on soot patticles.

AGI

Figure 9. AGI in Direction B (98 CA ATDC)
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Figure 10 shows the NO emissions for the various nitrogen injection cases discuséed above. For all three
injection directions, a decrease in NO emission was observed. This difference was primarily due to an
increase in power output. On average, injecting in either of those directions yielded a 2-3% increase in
power. When plotted on a gram per kilogram of fuel basis, the difference in between baseline NO and that
for the gas injection almost completely disappears (see Figure 11).
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Figure 10. NO Emissions for the Various Gas Injection Direction Cases (gm/ihp-hr).

It can be seen from Figures 5 and 6 that the drop in NO emissions was more substantial for the case where
gas was injected in direction A. It is believed that this drop in NO was a result of the fact that, as explained
carlier, the gas jet impeded the progress of the fuel spray, causing locally rich combustion and lower

combustion temperatures.
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Figure 11. NO Emissions for the Various Gas Injection Direction Cases (gm/kg fuel). -
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OXYGEN CONCENTRATION - As discussed in the previous section, injecting nitrogen in direction B
was found to have a detrimental effect on soot at low loads. It was suspected that the mechanism behind
this increase was chemical in nature, rather that a product of the mixing. This notion seems to be well
founded since this detrimental effect disappeared when air, rather than nitrogen, was injected (sce Figure
12). A similar drop in soot was observed at high loads between air and nitrogen injection cases, thus
suggesting that this detrimental effect was present at all loads when nitrogen was injected and that at high
loads it was overcome by the effects of enhanced mixing.
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Figure 12. Soot Emissions for Direction B.

The benefits of using air was also observed when direction A was used, although the benefits were not as
pronounded (see Figure 13). Despite this fact, injecting air in this direction still yielded an increase in soot.
For this reason, it is believed that the main effect in this system is that of the obstruction of the fuel spray
by the gas jet. The benefit of using air is most likely due to the fact that, as the injected gas moves around
the fuel spray it is eventually entrained. Therefore, the presence of oxygen in the injected gas would be
beneficial.
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Figure 13. Soot Emissions for Direction A.

The oxygen concentration of the gas jet also affects NO emissions. Figures 14 and 15 show the NO results
(in gm/ihp-hr and gm/kg fuel, respectively) comparing the effects of air and nitrogen injection when the gas
was injected in direction A. Figures 16 and 17 were the NO results on those same basis for the direction B
injection cases. As was discovered, NO emissions appeared to be much lower than baseline emissions,
except when air was injected in direction B, when shown on a gm/ihp-hr basis. When presented in gm/kg
fuel, the difference between the baseline gas injection cases diminishes.
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Figure 14. NO Emissions (gm/ihp-hr) for Direction A.

Using Figures 15 and 17, one can see that air caused an increase in NO from baseline NO emissions for
both gas injection directions. However, this increase was much smaller when the gas was injected in
direction A rather than direction B. This is consistent with the hypothesis discussed earlier explaining the
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difference in NO results for the nitrogen injection cases at these two injection directions. Nonetheless,

regardless of the units of NO emissions, air appears to cause an increase in NO when compared to the

nitrogen injection. This indicates that there is a chemical effect when nitrogen is added to the cylinder that

suppresses NO formation in both injection direction cases.
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Figure 15. NO Emissions (gm/kg fuel) for Direction A.

NO (gm/fihp-hr)
i i s 1 1 1 s i 3t

f
=
PER S

29

—=n— Baseline
P ) - & Nitrogen
e A Al

0.30

] v 1 T 1 N T N T
035 040 045 0.50 055
Equivalence Ratio

Figure 16. NO Emissions (gm/ihp-hr) for Direction B.
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Figure 17. NO Emissions (gm/kg fuel) for Direction B.

SOOT-NO, TRADEOFF - Figure 18 illustrates how each case compares to the soot-NOx tradeoff for the
engine used in this study at ®=0.50. It is clear that, if the gas injection is set up correctly (direction B) and
used in conjunction with a point of low NO emissions tremendous gains can be made beyond the usual

tradeoff curve.
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Figure 18. Comparison of AGI Results with the Soot-NO, Tradeoff

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to determine what influence gas injection direction and oxygen

concentration have on emissions when some form of gas jet intrusion is used to enhance in-cylinder

mixing. Three different gas injection directions and two different gas injection compositions were

examined. The results of the study are summarized below.
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Gas injection direction had a profound influence on the effect of AGI. This is thought to be a result of

changes in the fuel spray-gas jet interaction.

» Injecting directly at the fuel spray (direction A) impedes the progress of the spray, thus causing an
increase in soot. It also appears td affect fewer soot clouds.

e Injecting at the side of a fuel spray (direction B) in an area of high air entrainment causes a
decrease in soot emissions by increasing soot oxidation rates. It also sweeps through most of the
soot clouds.

o Injecting towards the cylinder wall (direction C) has little effect on soot emissions because of a
decrease in gas jet velocity with increased dissipation and travel distance.

SOF percent is completely unaffected by the injection of gas.

Injecting an inert gas reduces the oxygen concentration surrounding the combustion, which suppresses

soot oxidation or enhances soot formation, thus causing an increase in soot emissions.

When air is injected, the aforementioned detrimental effect on soot disappears; however, this causes an

increase in NO emissions.

The results of this study show that gas imjection can have detrimental effects on soot when done

improperly. However, when done properly it is a very effective way to overcome the usual soot-NO,

tradeoff.
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Effects of Oxygen Enhancement on the Emissions from a DI Diesel via Manipulation of Fuels and

Combustion Chamber Gas Composition

Brief Summary

Technologies are now becoming available in which the ratio of oxygen to nitrogen in the inlet air stream
can be varied. Technologies such as polymer membrane separation and pressure swing absorption for
altering the ratio of O, to N; in the intake air may be commercially viable for adaptation to internal
combustion engines. To this end, oxygen enhancement in a direct injection (DI) diesel engine was studied
to investigate the potential for particulate matter and NOx emissions control and hence its potential for
allowing increased power density. The local oxygen concentration within the fuel plume was modified by
oxygen enrichment of the intake air and by oxygenating the base fuel with 20% methyl t-butyl ether
(MTBE). The study collected overall engine performance and engine-out emissions data as well as in-
cylinder two-color measurements at 25% and 75% loads over a range of injection timings. The study found
oxygen enhancement, whether it be from intake air enrichment or via oxygenated fuels, reduces particulate
matter, the effectiveness depending on the local concentration of oxygen in the fuel plume. Since NOx
emissions depend strongly on the temperature and oXygen concentration throughout the bulk cylinder gas,
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the global thermal and dilution effects from oxygen enrichment were greater than that from operation on
oxygenated fuel. There is no doubt that oxygen enrichment can be used for increasing the power density,

for a given smoke limit constraint.
INTRODUCTION

More complete burning, faster burn rates, and the ability to burn more fuel can occur with increases in the
oxygen concentration of a fuel-air mixture, often beneficially increasing the efficiency and power output of
an engine and reducing the emissions of most exhaust pollutants (e.g., smoke, particulate matter, and THC)
[9]. However, the increased oxygen concentration has a detrimental thermal and dilution effect on NOx

emissions, although engine fuel timing optimization may minimize these effects.

Oxygen enhancement has typically been achieved through oxygenated fuels and has shown promise [1-7].
A number of lab studies have also been conducted on oxygen enrichment of the intake air [8-10]. The
practical viability of oxygen enrichment for a mobile diesel depends on the availability of a simple,
compact system that will extract oxygen economically from the air. Up until recently, none of the methods
for non-cryogenic oxXygen separation from atmospheric air (e.g., membrane diffusion, molecular sieves, and
oxygen absorption) were sufficiently advanced or perfected for practical application. However, now
scientists at Argonne National Laboratory with chemists at Compact Membrane Systems have developed a

membrane that efficiently separates regular air into oxygen and nitrogen [11].

Miyamoto et al. [1] conducted a study of biodiesel oxygenate fuels and has shown that the improvement in
the exhaust emissions and the thermal efficiency depended almost entiiely on the oxygen content in the
fuels, regardless of the oxygenate to diesel fuel blend ratios or type of oxygenate. Similarly, this paper will
investigate oxygen enhancement through oxygen enrichment and use of an oxygenated fuel to compare and
contrast the effects each method has on the performance and emissions from a turbo-charged DI diesel.

EXPERIMENTAL DESCRIPTION

OPTICAL-ACCESS ENGINE

As specified in Table 1, the optical accessible engine used in this invéstigation is a Cummins, single-
cylinder, direct-injection, 4-cycle diesel, adapted from an in-line six-cylinder Cummins N14-series engine.
The N14 engine’s low swirl, turbo-charged, 4 valve, centrally located direct-injection combustion system is
representative of modern heavy-duty diesels used today. A top of the line N14 (a series N14-500E)
develops 373 kW (500 hp) at a governed speed of 2100 rpm. Torque ratings are 2375 N-m (1750 ft-Ibf)
and 2239 N-m (1650 fi-1bf) at 2100 and 1200 rpm, respectively. Depending on the Cummins N14 engine
model, advertised power can range from 246 kW (330 hp) to 391 kW (525 hp) and torque from 1830 N-m
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(1350 ft-Ibf) to 2508 N-m (1850 ft-ibf). For the single-cylinder engine used in this study, power output
peaked at values of 40 kW (54 hp) and 30 kW (40 hp) at 1500 and 1200 rpm, respectively, corresponding
to torque ratings of 252 N-m (186 ft-1bf) and 244 N-m (180 ft-Ibf), respectively.

TABLE 1: ENGINE SPECIFICATIONS

Engine Type Cummins N14 Single
‘| Cylinder Diesel

Cycle 4-stroke

Combustion Chamber Quiescent

Piston Chamber Shallow Dish

Number of intake valves 2

Number of exhaust valves 27

Compression Ratio 13.1:1

Swirl Ratio 1.4

Displacement 2336 cc

Bore 139.7 mm

Stroke 152.4 mm

Combustion chamber diameter | 97.8 mm

Connecting rod length 304.8 mm

Piston pin offset None

Injection System Unit Injector, Direct

Injection (DI)

Nozzle Dimension 8 x @ 0.200 mm

Length/diameter of holes (/d) 4.1

Spray Angle 152°

2 Two identical production N14 cylinder heads were used in this study. One head

was made optically accessible by replacing one of its two exhaust valves with a
sapphire window.

In 1994, hardware improvements were made to the N14 engine, including changes in the pistons, air
handling system, and cooling system. The new pistons are two-piece articulated units with forged steel
crowns, higher top rings and aluminum skirts. The piston geometry was re-designed to promote improved
swirl and combustion. The single-cylinder engine used in this study does not incorporate the new
articulated piston. In this study, the piston has a scalloped design and is rated for a 15:1 compression ratio
engine. The actual compression ratio, however, is 13.1:1 due to modifications to the head to allow optical
access. For the air handling system, the N14 now has a new cast iron alloy cylinder head with a flat
combustion face (non-scalloped head), wider valve bridges and newly designed ports, valves and valve seat
inserts. Swirl intake ports are designed to optimize air mixing within the cylinder to promote lowered
emissions. The new valves and valve seat inserts are intended to improve fuel consumption and head
durability. As with the old design, each cylinder in the N14 engine has two intake and two exhaust valves
for providing high volumetric efficiency and good exhaust scavenging. Push-tubes, injector cam followers
and rocker levers also now include a ball and socket geometry to decrease wear. A new camshaft in the
N14 engine is designed for higher lift, increased injection pressure (above 155 MPa), and higher durability
through micro-finished lobes.
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The single-cylinder lab engine used in this study does not include any auxiliary systems. Therefore,
changes made to the commercial N14 engine for auxiliary systems (such as the turbocharger and cooling
system) were simulated by lab equipment.

Two production N14 cylinder heads were used in this study, one unmodified and employed in emissions
and performance studies, the other modified to enable combustion visualization studies (i.e., two-color
analysis). Both heads were machined to incorporate a pressure transducer port. The head used for the
combustion visualization studies had one of its two exhaust valves removed to provide an access port to the
cylinder. A sapphire window is placed in the optical access port for visualization of the spray plums, as can
be seen from Fig. 1. To make this access port, the 3-valve head was bored out at the location of the absent
exhaust valve and a bushing was pressed into the hole to seal off the coolant and fuel passages. When this
3-valve head is being used, the one remaining exhaust valve has to be actuated by an extended rocker lever.
Normally, the two exhaust valves are opened simultaneously when the rocker arm pushes down a crosshead
piece located above the two valves. Care was taken to ensure valve timing and lift is similar to the

unmodified rocker assembly.

Outer Edge
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viewing
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Piston
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Figure 1. Plan view of modified cylinder head. Optical viewing area is at location of missing exhaust
valve. As a scale, Bore = 139.7 mm (5.5 in). As drawn, the distance along the inner periphery of the fuel
jet to the sapphire window is 27 mm.

A blow-by valve was added to the rocker-arm housing to help in monitqring the status of the engine. Tests
under warm, simulated turbo-charged engine conditions (at 1500 tpm and ¢=0.3, or medium single cylinder
torque of 186 N-m) indicated 1.5% of the intake charge ended up as blow-by exhaust. The blow-by was
considered small and acceptable (i.e., ring pack, valves, etc. were all considered in proper operation).
Bellows meters measured this blow-by. To simplify the monitoring of the engine blow-by, the Bellows
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meters were replaced with a manometer. Deviations in manometer readings of the blow-by from typically

recorded values indicated transient or unhealthy engine operation.

Besides the differences mentioned above between the single-cylinder and commercial engine, the single-
cylinder engine needs to be connected to a balancing box (with counter-rotating balancing weights) and
mounted on a spring-mounted isolation pad to reduce vibrations. Since the engine does not include any
production auxiliary systems, fuel metering and intake air are provided by laboratory auxiliary systems.
Coolant is also provided by an external system consisting of a pump and an atmospheric cooling tower.
The coolant is a 50/50 mixture of antifreeze and distilled water. Turbo-charging is simulated using high-
pressure dehumidified and filtered house air, along with an air heater. The engine was motored and its
speed controlled, to within 2 rpm, by a 225 hp dynamometer. The controller allows only steady-state tests.

FUEL SYSTEM

The Cummins N14 engine uses the electronically controlled Celect injector. On the top of the injector is a
solenoid valve used to control the amount of fuel and the injection timing upon command from the engine’s
Electronic Control Module (ECM). For the single-cylinder engine used in this study, the ECM was
bypassed and a personal computer equipped with a software-based controller was used to control the
injector. The electronically controlled Celect injector uses camshaft actuation to build injection pressures
(just like the Cummins PTD injector), but it has a closed nozzle and a two-piece plunger, rather than the
open nozzle and one-piece plunger of the PTD injector.

The upward movement of the timing plunger controls fuel metering when the normally open solenoid valve
is closed. The solenoid valve opens upon deactivation of the solenoid signal. The timing of the solenoid
deactivation occurs at timing-valve-opening (TVO). TVO signals the end of fuel metering. The downward
movement of the timing plunger and the closing of the solenoid valve control the start-of-injection. The
solenoid control valve closes upon receiving an electronic timing-valve-close (TVC) signal. With the
solenoid valve closed, pressure builds in the metering chamber as the timing plunger compresses the
trapped diesel fuel. At a preset pressure the needle lifts and injection starts. The TVC timing would be the
start-of-injection (SOI) if the fuel injection system did not have any mechanical or electronic delays (such
as the mechanical compressibility of diesel fuel and stiffness of injector spring). Injection ends when the
pressure is less than the preset pressure and the needle is seated. The Celect injector enables the fueling
and the injection timing to be varied independently of each other by choice of TVO and TVC timings,
respectively. Higher fueling rates are obtained by retarding the TVO signal since the timing plunger will

have risen to allow a larger volume in the metering chamber.
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The injection timing was monitored with a strain gage on the fuel injector’s push rod. The strain gage and
push rod assembly was provided, along with timing data taken from a Cummins M11 engine, by Cummins.
The M11 timing data was obtained under an identical injection system configuration (i.., same strain gage
assembly and same fuel injector) to that found in the N14, with the exception of a needle-lift indicator fitted
into the M11’s fuel injector for the more reliable indication of start- and end-of-injection timing. The M11
data was used to help in deciphering the strain signal to determine the true injection timing for the N14

engine.
'OXYGEN ENRICHMENT LAYOUT

Modification to the intake system was required for the oxygen enrichment study, as shown in Fig. 2.
Oxygen was supplied from eight oxygen tanks pigtailed together in series. The oxygen flows from the
oxygen tanks through a pressure regulator, a metering valve, a flowmeter, across the room in oxygen-clean
and compétible copper tubing to a back-flow check valve, and then into the intake manifold before the air
heaters. The oxygen-enriched air is then heated as required. Since the heaters are before the intake surge
tank, the surge tank not only dampens the pressure fluctuations associated with single cylinder engine
operation, but also thoroughly mixes the oxygen-air mixture.

Figure 2. Schematic of lab layout for oxygen-enrichment study. Breakaway view of engine shown.

The oxygen flow rate was calculated, for a given operating condition (i.e., airflow rate), to estimate the
desired percent enrichment. A Beckman model OM11-EA oxygen analyzer sampled the intake surge tank
oxygen-air mixture for verification of the enrichment rate. If the enrichment rate was ot correct,

adjustments were made to the pressure regulator and metering valve.
DATA ACQUISITION SYSTEM |
Engine pressure and control system timing data was collected on a Power and Energy International (PEI)

data acquisition system for both steady state and two-color combustion filming operation. The data
acquisition system is based on a personal computer equipped with a PEI DAB-504 data acquisition board.
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The board is multiplexed to sample up to four channels. Normally, three channels of data are sampled at
increments of 0.25 crank angle degrees, as mandated by the shaft-encoder, and 120 consecutive cycles are
stored. For all steady-state data, the 120 engine cycles were ensemble-averaged. The collected pressure
data was smoothed with a Fourier series high-frequency-reject-filtering algorithm and post-processed by
the ERC’s heat release code to obtain heat release rates and combustion data.

High-speed films of the combustion events were used to acquire two-color data. When filming the
combustion events, five calibrated halogen bulbs are positioned around the optical access tube so that both
the combustion event and the bulbs are imaged together on the film, as shown in Fig. 3. After processing
the film and getting the negatives, each film frame is digitized twice with a CCD camera--once for each of
two different wavelengths by placing different filters between the film negative and the CCD camera. Fig.
4 schematically shows the digitizing setup.

- - InCylindes
High Spesd Cemert Calibration Combustion Event

Figure 3. High speed filming setup used to obtain combusﬁon image.

The two filtered, digitized negative images collected for each film frame are then “negated” with the
CCD’s digital imaging system to make filtered, digitized positive images. These filtered, digitized positive
images are then exported as “16 bit raw Intel” files to be imported into the two-color program. The two-
color program processes the images to obtain both a temperature and a KL-factor for each pixel of each
film frame. Once all film frames are processed for a combustion event, a temporally resolved, two-
dimensional field of temperature and KL-factor are obtained.

A Film Reel

,. CCD Camera
Larr\l‘p Film (1024 x 780 Pixels)

Computer with
imaging Board

Lens

Bandpass Filter

Figure 4. Digitizing Setup used to obtain images at two different wavelengths
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Much of the two-color data presented will be “view-averaged.” For view-averaged data, all pixels on a

film frame that are within the filmed combustion event are averaged together for both a mean temperature

and mean KL-factor.
TABLE 2: HIGH LOAD OPERATING CONDITIONS
Engine Load 75% Mode 6 of CARB 8
Engine Speed 1200 rpm Peak Torque Speed
Injection Timings | TVC: 10°, 15°, 18°, 25°, 30° BTDC
Fuel Delivery 185 mg/st ~ 0.65 equiv. ratio
intake Pressure 26psia To simulate turbo-
Exhaust Pressure 12psig charger
Intake Temperature 45 °C To simulate air-to-air

after-cooler

Coolant
Temperature

80~83°C | To stabilize cyl. liner

wall temperature

Oil Temperature

85~88 °C | To stabilize piston and

head temps

Fuel Temperature

65 °C

To stabilize fuel

OPERATING CONDITIONS AND FUELS

Steady-state operation at 75% load (mode 6 of the CARB 8-mode transient test cycle) was used for the
baseline, oxygenate alternative fuel, and oxygen enrichment studies. Oxygen enrichment was also run at a

characterized 25% load condition [12]. Tables 2 and 3 summarize the operating parameters under the 75%

and 25% loads, respectively.

TABLE 3: LOW LOAD OPERATING CONDITION

Engine Load 25% Low Load, NA
Engine Speed | 1200 rpm Peak Torque Speed
Injection Timing | 11.5° btdc TVC =25
Fuel Delivery 53 mg/st | ~ 0.25 equivalence ratio
Intake 24 psia To simulate NA TDC
Pressure motored pressure of
5Mpa for a N14 engine
with a 16.1 CR
Exhaust 7.8 psig Required to get soot
Pressure Dec et al. [12] ran
: with 0 psig
Intake 157 °C To simulate NA TDC
Temperature motored temp of 1000K
Coolant 80~83 °C | To stabilize cylinder liner
Temperature wall temperature
Oil Temperature | 85~88 °C To stabilize piston and
head temperature
Fuel Temp 65 °C To stabilize the fuel
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Since the in-cylinder temperature and soot data were obtained from the post processing of combustion
events recorded on negative color film, each filming condition took several weeks to develop and analyze.
Therefore, two-dimensionai two-color filming was only performed at 75% load for baseline, oxygenated
fuel, and oxygen enrichment test operations at the judiciously chosen TVC timings of 10, 18, and 30. The
low load operating condition was also filmed at the TVC=25 timing specified in Table 3. -

TABLE 4: FUEL PROPERTIES

Name Fuel Formulation

Base CisHor 68

MTBE-Base Base 80% + MTBE 20% + Cl 2500 ppm
Property _ Base MTBE-Base
Density (kg/m") 846.5 827.4
CN ~ 46.6 46.8
Viscosity ~35°C  (mm°/s) 2.92 0.9696
Vapor Pressure (kPa) 1.0 20.0
Calorific Value (kJ/k@) 42936 42079
IBP (°C) 192.2 57.1
T10 (°C) 229.4 61.9
T50 (°C) 265.5 256.0
T90 (°C) 308.9 305.1
EP (°C) 336.7 335.2
Saturates Vol (%) 67.4 54.0
Aromatics Vol (%) 29.9 23.9
Olefins Vol (%) 2.7 2.1
Sulfur Content Vol (%) 0.0165 0.0132

Two different fuels were used in this study: 1) a base diesel fuel, and 2) an oxygenated alternative fuel.
Fuel properties for the fuels are tabulated in Table 4. The oxygenated alternative fuel was composed of
20% methyl t-butyl ether (MTBE), the rest being mostly composed of the baseline diesel fuel, with a small
addition of cetane improver (CI). Although the oxygenate alternative fuel study is focused on the eﬁ'eét of
the added oxygen in the fuel, the fuel properties shown in Table 4 (and their confounding effects) need to

be considered for a fair assessment.

Fuel cetane number will affect ignition delay (as will engine operating conditions), which will in turn have
an effect on combustion through changes in both the premixed and mixing controlled burning modes. In
general, longer ignition delays lead to larger premixed burning (and less mixing controlled burning). As
can be seen in Table 4, the fuel cetane numbers agree quite well between the MTBE blended and base
diesel fuels. Results are confounded when fuels with different volatility are compared since a fuel’s
volatility effects the rate and height of rise of the premixed burning spike. Similarities in volatility between
the base diesel and MTBE blended fuels can be seen in Fig. 5. As might be expected, the distillation curves
show the MTBE blended fuels are comprised of a much higher volatile fraction, nearly 20% by volume.
As the lower boiling point temperature components vaporize, the MTBE blended fuels begin to more
closely resemble the volatility of their base component fuel.
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Research by Muller [13] has indicated that a 50 °C increase in initial boiling point can produce a 5 percent
increase in exhaust nitrogen oxide emissions. Other researchers have also found increasing volatility
increases nitrogen oxide emissions [14]. However, more recent studies have not found any clear volatility
effect [15, 16]. Special attention is warranted since the initial boiling points are as much as 130 °C
different between the fuels. Applying Muller’s conclusions, this initial boiling point difference may result
in a 13 percent decrease in exhaust nitrogen oxide emissions for the MTBE blended fuel mixture compared
to the baseline fuel. However, the higher local oxygen concentration in the oxygenated MTBE blended
fuel mixture will have an opposite effect and may confound the results.

Fuel density is seen in Table 4 to be lower for the MTBE blended fuel mixtures. The lower density will
have an effect on fuel injection, effectively retarding and increasing the duration of the injection event. The
retarded injection timing may be beneficial in reducing nitrogen oxide emissions, while the sustained
injection may be beneficial in promoting soot oxidation through increased late combustion turbulence. The
kinematic viscosity shown in Table 4 for the fuels are typical of liquids at 35 C. Liquid viscosity’s
decrease signiﬁcanﬂy as the temperature is raised. Table 4 shows the kinematic viscosity of the MTBE
mixture to be lower than that of the corresponding pure diesel fuel. The lower viscosity MTBE-mixed fluid
should help promote in-cylinder mixing through increased fuel breakup, which may have beneficial effects
on soot oxidation and detrimental effects on nitrogen oxide emissions. Table 4 also shows a lower caloric
value for the MTBE-mixed fuel. This lower heating value may be beneficial in promoting a lower
formation rate of nitrogen oxide (which is temperature or energy dependant), resulting in lower exhaust

nitrogen oxide emissions.

RESULTS AND DISCUSSION
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STEADY-STATE OXYGEN ENRICHMENT DATA

Oxygen enrichment was conducted at both the 75% and 25% load conditions outlined in Tables 2 and 3.
75% load (Mode 6) oxygen enrichment results

Pressure traces for oxygen enrichment rates of 22% and 23% are shown in Fig. 6. As can be seen from the

.ﬁgure, at TVC=10, increased oxygen enrichment results in smaller ignition delays. Peak cylinder pressures
are also higher. The results of heat release analysis are shown in Figs. 7 and 8.

1600 rrrrerrer S S B— — —

1400 L[ 21% O, (Base) C :
L | 220 02 -----------
1200} _ o3%0; \

Cylinder Pressure [psia]

CA atdc [deg.]
Figure 6. Steady-state pressure traces for mode 6 (75% load) baseline, 22% O, and 23% O, enrichment
runs at TVC=10, 15, 18, 25, and 30.

The heat release rate traces in Fig. 7 also show smaller ignition delays with oxygen enrichment, as depicted
by the earlier initial sharp rises in heat release rates with oxygen enrichment. As might be expected with
the smaller ignition delay, the initial premix burn mode of combustion is also smaller with oxygen
enrichment. NOx tends to be proportionately related to the premix burn fraction. This proportional
relationship is now speculated as an outcome of higher temperatures (normally associated with larger
premix burn fractions) within the diffusion flame that surrounds the combusted premix burn fraction. Since
smaller premixed burn combustion modes generally signify lower temperatures, the oxygen enrichment
runs may be expected to have lower NOx emissions. However, the enrichment may locally cause the
normally rich premixed combustion event to be more stoichiometric, supporting higher formation rates of
NOx through higher local temperatures in the premix burn fraction and, hence, in the NOx-forming
diffusion flame. As with baseline mode-6 operation, Fig. 7.indicates that combustion with oxygen
enrichment is also mixing controlled dominated. And, with oxygen enrichment, the rate of heat release is
higher under the mixing controlled dominated combustion phase. The higher heat release rate may be due
to a larger fraction of fuel being available for combustion. If the higher heat release rate in the mixing-
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controlled burn mode leads to higher temperatures, the higher temperatures and increased local oxygen
concentration within the mixing-controlled burn mode likely leads to lower particulate matter through an

increase in oxidation of any formed soot.
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Figure 7. Steady-state gross apparent heat release rate traces for mode 6 (75% load) baseline, 22% O,, and
23% O, enrichment runs at TVC=10, 15, 18, 25, and 30

Fig. 8 compares the normalized accumulative heat release traces under base and oxygen enriched runs.
Again, the shorter ignition delay can be seen with oxygen enrichment. In comparing Figs. 7 and '8, the
accumulative heat release is seen to be equivalent by the beginning of the mixing-controlled combustion
phase. Therefore, entering into the mixing-controlled combustion phase, both base and oxygen enrichment
runs have combusted the same amount of fuel. Note, though, that the combustion events are different.
Figs. 7 and 8 show earlier heat releases yet slower heat release rates by the end of the premixed burn mode
for the oxygen enrichment runs. However, the base runs end up releasing the same energy on entering into
the mixing-controlled combustion phase since the premix and early diffusion burning is more brisk. Yet
again, in the mixing-controlled phase of combustion up through 50% of the total heat release, the
accumulative heat release is slightly larger with oxygen enrichment. The data seems to also indicate that,
with oxygen enrichment, combustion ends earlier. However, after 50% of the accumulative heat release,
runs at the TVC=18 timing are confounding and inconclusive. Possibly, after 50% of accumulative heat
release, the physical, yet random, mixing process is the controlling mechanism for the combustion of fuel.
However, although the rate of combustion may be similar by the end of the mixing-controlled combustion
phase, the combustion environment (stoichiometry and temperature) may be quite diﬂ‘erént between base

and oxygen enriched runs.
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Figure 8. Steady-state, normalized accumulative heat release traces for mode 6 (75% load) baseline, 22%
0,, and 23% O, enrichment runs at TVC=10, 15, 18, 25, and 30.
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Figure 9. Steady-state cylinder pressure and gross apparent heat release rate (GAHRR) traces for a

characterized low-load (25% load) operating condition [12] under bascline, 22% O,, and 23% O
enrichment.

25% load oxygen enrichment results

25% load operation was run to study the effect oxygen enrichment has at different loads and to delineate
trends with oxygen enrichment. Pressure traces for oxygen enrichment rates of 22% and 23% are shown in
Fig. 9. As at the higher load, oxygen enrichment decreases the ignition delay and raises the peak cylinder

pressure.
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Unlike mode-6 operation, Fig. 9 indicates that both baseline and oxygen enrichment combustion at the low-
load condition is premix burn combustion mode dominated. However, the heat release rate traces similarly
show that the initial premix burn mode of combustion is smaller with oxygen enrichment, as might be
expected with the smaller ignition delays. And, as at the higher load condition, the heat release rate in the
mixing controlled combustion phase is higher with oxygen enrichment.

Since the premix burn dominates most of the total heat release at low load, it may have a larger impact on
low load emissions. A smaller premixed burn combustion mode usually signifies lower temperatures.

_ However, as at the higher load, the enrichment likely causes the normally rich premixed combustion event
to be less rich, supporting higher formation rates of NOx through higher local temperatures in the premix
burn fraction and, hence, in the NOx-forming diffusion flame. Normally, higher temperatures in the
premixed burn phase will lead to higher soot through increased fuel pyrolysis. Nonetheless, fuel pyrolysis
may also be diminished due to the increased oxidation brought about by the more stoichiometric
combustion. If the higher heat release rate in the mixing-controlled burn mode leads to higher
temperatures, the oxygen enriched combustion might also be expected to result in lower particulate matter
throngh increased late cycle soot oxidation.
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Figure 10. Steady-state, normalized accumulative heat release traces for a characterized low-load (25%
load) condition [12] under baseline, 22% O, and 23% O, enrichment.

Fig. 10 compares the normalized accumulative heat release traces under base and oxygen enriched runs at
the low load condition. Again, the shorter ignition delay can be seen with oxygen enrichment. In
comparing the heat release results shown in Figs. 9 and 10, the accuinulativc heat release is again seen to be
equivalent by the beginning of the mixing-controlled combustion phase, as was noted for high load
operation. Therefore, entering into the mixing-controlled combustion phase, both base and oxygen
enrichment runs have combusted the same amount of fuel. Note, though, that the combustion events are

different. Figs. 9 and 10 show earlier heat releases yet slower heat release rates by the end of the premixed
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burn mode for the oxygen enrichment runs. However, the base runs end up releasing the same energy on
entering into the mixing-controlled combustion phase since the premix and early diffusion burning is more
brisk. Yet again, in the mixing-controlled phase of combustion, the accumulative heat release is larger with
oxygen enrichment. The data also clearly indicate that combustion ends earlier with oxygen enrichment.

STEADY-STATE OXYGENATED FUEL DATA

Pressure traces for base and MTBE oxygenated fuels are shown in Fig. 11 for mode-6 operation at
TVC=10, 18, and 30. The oxygenated fuel can be seen to retard the start of combustion. However, the
retarded start of combustion is misleading since its delay is due primarily to a retarded start of injection
caused by the lower density of the oxygenated fuel mixture. Except for the most retarded timing, at
TVC=10, the ignition delay is similar between the base and oxygenated fuel mixture. At TVC=10, the
ignition delay is longer for the oxygenated fuel. Fig. 11 also indicates that the oxygenated fuel resultsina

lower peak cylinder pressure. The lower peak cylinder pressure is likely due to the lower heating value of
the oxygenated fuel mixture.
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Figure 11. Steady-state cylinder pressure and gross apparent heat release rate (GAHRR) traces for mode 6
(75% load) operation at TVC=10, 18, and 30 using baseline D2 fuel and oxygenated fuel (80% base D2 +
20% MTBE).

The heat release rate traces in Fig. 11 also show that the initial premix burn mode of combustion is larger
with the oxygenated fuel mixture, as might be expected since the MTBE blended fuel has a larger fraction
of lower boiling point temperature components (shown in Fig. 5). The larger premixed burn combustion
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modes generally signify higher temperatures. Additionally, as with oxygen enrichment, the oxygenated
" fuel may locally supply more oxygen to the hydrocarbon fuel radicals causing the normally rich premixed
combustion event to be less rich, supporting higher formation rates of NOx through higher local
temperatures in the premlx burn fraction and, hence, in the NOx-forming diffusion flame.. However,
although the heat release in the premixed burn was greater than that under base operation, the lower heating
value of the oxygenated fuel mixture may actually diminish in-cylinder temperatures.

As Fig. 11 shows, the rate of heat release for the oxygenated fuel is lower in the mixing controlied
combustion phase compared with that for the base fuel, possibly due in part to more fuel having been
burned in the premixed combustion mode. The lower heat release rate is also due, in part, to the lower
heating value of the oxygenated fuel. Although speculative, the increased local oxygen concentration
within the mixing-controlled burn mode with oxygen enrichment may beneficially help lead to lower soot
through an increase in oxidation of any formed soot. Therefore, both the premix and mixing-controlied

burn modes appear to support the lower particulate matter emissions.
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Figure 12. Steady-state, normalized accumulative heat release traces for mode 6 (75% load) operation at
TVC=10, 18, and 30 using baseline D2 fuel and oxygenated fuel (80% base D2 + 20% MTBE.

Fig. 12 compares the normalized accumulative heat release traces under base and oxygenafed fuel runs at
the mode-6 conditions. Again, longer ignition delays can be seen with the oxygenated fuel mixtures.
However, the combustion events appear similar. The only difference being in phasing due to the different
start-of-combustion’s. Similar heat release is seen up through 50% of the total heat release. The data is
inconclusive beyond 50% of the total heat release. The physical yet random mixing process of the mixing-
controlled dominated combustion event seems to be the controlling mechanism for the late cycle
combustion of the two tested fuels. The nature of heat release beyond 50% of the total heat release is likely

due to different rates of mixing.
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EMISSION COMPARISON

Fig. 13 graphically summarizes the effects of base and oxygenated fuels, as well as that of oxygen
enrichment, on NOx and particulate matter emissions at the 75% high load mode-6 operating condition. A
summary of 17 sweeps is depicted by the parabolic curves shown in the figure. The solid diamonds
represent base timing runs that were taken prior to the oxygenated fuel-timing sweeps. Each “x” and “+”
represents the emissions under oxygenated fuel operation. Twenty two percent and 23% oxygen
enrichment runs are denoted with the open triangle and square symbols, respectively. Electronic TVC fuel
injection timing is noted next to the data points.
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Figure 13. Comparison of NOx-particulate trade-off curves for baseline, oxygen enrichment (22% and
23% 0,) and 20% MTBE Oxygenated Fuel Run cases at mode-6 75% load.

Comparison of base and oxygenated fuel runs may be made at specific fuel injection timings as depicted by ‘
the encircled data points in Fig. 13. Fig. 13 indicates that particulate matter emissions are reduced with the
oxygenated fuel. However, the oxygenated fuel has little effect on NOx emissions.

As can be seen from the 75% high load data shown in F_ig. 13, measured NOx concentrations varied over a
wide range of values with oxygen enrichment. This was due to the feedback control system used to control
the oxygen enrichment. The sampling of the intake surge tank took time. When the measured oxygen
concentration fell outside acceptable limits, adjustments were made to the oxygen flow rate. Again,
sampling was performed and new adjustments made. Due to the high sensitivity of NOx formation to
oxygen concentration, and the lack of precise closed-loop oxygen enrichment control, the measured NOx
emissions varied with time over the allotted time required to obtain particulate matter data. The figure
demonstrates that oxygen enrichment dramatically increases NOx emissions. Also, for retarded timings
such as TVC=10, particulate matter emissions are initially drastically reduced. Increasing the concentration
of oxygen from 21% to 22% at a TVC=10 timing is seen to drop particulate matter to levels below that seen
at a TVC=15 timing. However, after 23% oxygen enrichment, the benefits of oxygen enrichment to




particulatelmatter emissions are slight, while the unfavorable effects on NOx emissions are great. The
benefits of oxygen enrichment at advanced timings are less. At a TVC=30 advanced timing and a 23%
oxygen enrichment, particulate matter is reduced by less than 0.1 g/ihp-hr. However, NOx emissions are
seen to increase by about 5 g/ihp-hr.

The effects of oxygen enrichment on emissions at the 25% low load condition are outlined in Table 5. As
at the higher load condition (mode-6), oxygen enrichment is seen to increase NOx emissions and decrease
particulate matter. The effects of oxygen enrichment on CO and CO, emissions are small, but

inconclusive.

TABLE 5: LOW-LOAD EMISSIONS UNDER OXYGEN ENRICHMENT

Emission Units | 21% O2 | 23% O2 | 25% O2
NO, | (g/iHp-hn | 16.99 | 29.60 | 30.53
(a/bhp-h) | 22.91 | 39.60 | 41.53
Particulate | (g/iHp-hr) | 0.0886 | 0.0619 | 0.0504
(a/bhp-h) | 0.1193 | 0.0828 | 0.0686
co (ppm) 68.93 | 63.52 | 64.03
CO, (%) 3.61 3.55 3.65

ANALYSIS OF BASE, OXYGENATED FUEL, AND OXYGEN ENRICHMENT COMBUSTION

As can be seen from Fig. 13, the effects of the oxygenated fuel on both NOx and particulate matter
emissions are less than that observed under oxygen enrichment. To explain the observed differences, an
clementary analysis, using a number of assumptions, is conducted on the different oxygen enhancing
methods to decipher the differences in the local fuel plume environment and in the overall in-cylinder gas
composition.

BASE DIESEL FUEL COMBUSTION

A generic fuel molecule, CnHm, with n carbon and m hydrogen atoms, reacts completely according to the
following equation, Eq. (1), where ¢ is either the overall or local equivalence ratio, depending on whether
the equation represents an overall or local reaction:
[" * ] 376 1
CnHm+t 44 ¢4 (0, +376N,)—nC0, + (3 )H20+|:——(n+—)]1\' (1)

In the above equation, 4.76 moles of air is assumed to be composed only of one mole of oxygen (O,) and

3.76 moles of nitrogen (N,). The above equation may be simplified as:

CnHm + 4,(0, +3.76N,) — Products (73]
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where

Assuming a mole of the diesel fuel has on average 15 carbon atoms and 27.66 hydrogen atoms, the reaction

for one mole of fuel would be:

CsH,, ¢ +4,(0, +3.76N,) = Products ®

with 4= 21.915

In the fuel plume, combustion is believed to be rich ($>1). If all fuel is assumed vapor and to obey the
ideal gas law, the volume of the fuel plume (Vpium) is composed of a volume of fuel (Vi) and a local

reacting volume of air (V,;) which may be related as follows:

V

plume

_Vfu

el

=V, @

The moles of reacting air may be equated to these volumes as follows:

V V .
476% A, =2 1= M”"""‘* -1= ::“" ®)
fuel Suel fuel
p vapor,1

The local carbon to oxygen ratio for base diesel fuel combustion, C/Olges., can be obtained from Eq. (3) and

is the following:

C/| =1
/O IBase Tk Al - (6)

Comparing the carbon-oxygen ratios (for base, oxygenated fuel, and oxygen enrichment cases) will indicate
which case has locally more oxygen in the fucl plume. ‘

OXYGENATED FUEL (20% MTBE) COMBUSTION

With the 20% MTBE (CsH;,0) oxygenated fuel, referred to as fuel-2, a reaction equation similar to Eq. (3)
may be written as follows:

[0.8C, H . +0.2C,H,,0]+ 4,(O, +3.76N,) > Products  (7)

where one mole of fuel-2 is:
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[0.8C,,H,, +0.2C,H,,0]

Also, an equation similar to Eq. (5) may be written, where the mass flow rate of fuel-2 is equal to that

under base fuel operation:

V V .
476%A, =1 1= 1= Var ®)
fuel 2 M Suel Vﬁ:el,z
p vapor,2

With the oxygenated fuel, fuel-2, the local carbon to oxygen ratio, C/Olure, is the following:

= ©)

(y | _(0.8)(15) +(0.2)(5) _ 13
QO MIBE 2*A2+0.2 2*A2+0.2

23% OXYGEN ENRICHMENT COMBUSTION

With oxygen enrichment, the local reaction equation may be written as follows:

CH,, ¢ + 4,[(1+a)0, +3.76N,]— Products (10)

with A, = 21.915
(1+a)¢g
g P(4.76)-100
100-P

and P = percent oxygen enrichment (%)

In this analysis, only the 23% oxygen enrichment case is considered. Therefore, P=23 and a=0.1231.

Again, an equation similar to Eq. (5) may be written, this time for oxygen enrichment:

V V )
A (476 +a)= phme _ 1= P _ 1= Var (11)
Vﬁzel M Juel Suel

p vapor,1

With oxygen enrichment, the local carbon to oxygen ratio, C/Olzsxo2, is the following:

(7I 15 13.3557
O'3%02" 5% 4.(1.123) 2*A4,

(12)

COMPARISON OF BASE, OXYGENATED FUEL, AND OXYGEN ENRICHMENT CASES
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Comparing the carbon-oxygen ratios (for base, oxygenated fuel, and oxygen enrichment cases) will indicate
which condition has locally more oxygen in the fuel plume. Pyrolysis, hence soot, is less likely with higher
local oxygen concentrations. Therefore, since soot emissions decrease from base to oxygenated fuel to
oxygen enriched combustion, the local oxygen concentration inside the plume is assumed to increase from
base to oxygenated fuel to oxygen enriched combustion. The analysis below estimates the local oxygen
concentration for the base, oxygenated fuel, and oxygen enriched combustion cases and examines the

relative effectiveness of the oxygen enhanced combustion methods.

Recognizing that the local combustion is likely rich, ¢~2 to 4 [17], or at least stoichiometric, $=1, then Eq.
(3) indicates that 5.479<A,<21.915. Therefore, Eq. (6) dictates that: |

0342< G/, <1369
or

0.730< O/ |, <2922

Comparison of base and oxygenated fuel cases

Dividing Eq. (6) by Eq. (9), the following equation is obtained:

%le ~ [%} =30A2+3=(§)[A_2J+(ij (13)

% - 13 264, 13 )\ 4, 264,
24, +0.2

To estimate the magnitude of A-/A;, Eq. (5) may be divided by Eq. (8). The following equation is obtained

since the mass rate of fuel was held constant and the plume volumes, Vpjun., are assumed similar:

476A1 +1 _ pvapor,l
476‘42 + 1 p vapor,2

(14)

Assuming similar local pressure and temperatures, the fuel density is proportional to its molecular mass
(MM). Therefore,

476A1 +1 — pvapor,l — WI - 20766 =113 (15)
4764, +1 P, MM, 183.73
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Eq. (13) and Eq. (15) may be combined, as follows:

Colas

L= =102+ ——F— (16)
C/) vras 1.1437(4,)
Since the above analysis has already shown that 5.47 9<A,<21.915, then
7
6.1< ——/(—)i"”— <18.0 an

s

That is, the 20% MTBE oxygenated fuel is assessed to have between a 6.1% to 18% higher local oxygen
concentration in the fuel plume than regular diesel. Eq. (15) estimates the range of A, to be between 4.823
and 19.365. Therefore, Eq. (9) dictates the following:

0334 <G |y <1320 |
or

0.757 < O lyrp 2995

Comparison of base and oxygen enrichment cases

Dividing Eq. (6) by Eq. (12) results in the following equation:

(18)

%lBase =( 15 )ﬁll

% lpwoz  \13:356) 4,

The ratio of As/A; can be obtained by dividing Eq. (5) by Eq. (11). Mass of fuel cancels since the mass
flow rate of fuel was held constant between base and oxygen enrichment cases. Also, since the same base
fuel is used in both case studies, fuel density is identical. The plume volumes are assumed equal. Under

the above assumptions, the resulting equation is as follows:

4764, +1
4,(476%a)+1

(19)

Rearranging, recognizing a=0.1231 for 23% oxygen enrichment, the magnitude of As/A, is 0.97479.
Therefore, Eq. (18) becomes
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%lBase =( 15‘

C/o lavoy  \13.356

Therefore, 23% oxygen enrichment adds locally approximately 9.5% more oxygen in the fuel plume versus
baseline operation. Since 5.479<A;<21.915, then 5.341<A3<21.362. Therefore, Eq. (12) dictates the

j(o.97479) =1.0948 (20)

following:

03122 G 3010, <1250
or

0.799 £ O |10, < 3.199

Comparison of 20% MTBE oxygenated fuel and 23% oxygen enrichment

The ratio of the carbon-oxygen ratios for 20% MTBE oxygenate fuel and 23% oxygen enrichment can be
obtained by dividing Eq. (12) by Eq. (9), as follows:

C
00 o =(13.356)[2A2 +o.2]=1_0273 {ﬁ L1 ) -
e B ) 24, 4, " 104,

The ratio of A,/A; can be obtained by dividing Eq. (8) by Eq. (11). Mass of fuel cancels since the mass
flow rate of fuel was held constant between 23% oxygen enrichment and 20% MTBE oxygenate fuel cases.
Plume volumes are again also assumed similar and cancel. The oxygenated fuel does, though, have a lower
density. However, assuming the ideal gas law holds, the fuel vapor density is proportional to molecular
mass. Therefore, the resulting equation is the following:

476A2 +l _ pvapor,Z _WZ _ 18373

= = = =0.88475 (22)
A,(476*a)+1 p,.,., MM, 207.66

Substituting Eq. (22) into Eq. (21) results in the following:

C lyse
M =0.9325 + __}._ (23)
C harns 12.8434,

As stated earlier, A should be between 5.341 and 21.362. Therefore, Eq. (23) indicates that the 20%
MTBE oxygenated fuel operation has between 93.6% to 94.7% of the local oxygen concentration seen by
the 23% oxygen enrichment operation. Or, inversely, 23% oxygen enrichment operation has approximately
between a 5.6% to 6.8% higher local oxygen concentration within the fuel plumes than does 20% MTBE
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oxygenated fuel operation. Since the range is small, the 23% oxygen enrichment operation is assumed to
have on average a 6.2% higher oxygen concentration than that seen by 20% MTBE oxygenated fuel
operation.

Base, oxygenated fuel, and oxygen enrichment case sununary

As mentioned earlier, the 20% MTBE oxygenated fuel was projected to have between 6.1% to 18% higher
local oxygen concentration in the fuel plume than that with base operation. Since 23% oxygen enrichment
has approximately 9.5% more local oxygen than base operation and 6.2% more local oxygen than 20%
MTBE oxygenated fuel operation, then the above ratios indicate that the 20% MTBE oxygenated fuel
operating mode should have approximately 3.1% more oxygen than base operation. The 3.1% estimate
falls outside the 6.1 to 18% range estimated in the original analysis for the 20% MTBE oxygenated fuel.
This discrepancy in estimates is likely due to the simplification assumptions applied to this elementary
analysis. The 20% MTBE oxygenated fuel likely has approximately between a 3.1 and 6.1% higher local
oxygen concentration in the fuel plume than that under base operation, Therefore, this analysis indicates
that the 23% oxygen enrichment operation supplies nearly double the local oxygen in the spray plume than
does the 20% MTBE oxygenated fuel operation.

An analysis can also be conducted on the overall content within the cylinder. The base mode-6 operating
condition has an approximate overall equivalence ratio of 0.65. In running the 20% MTBE oxygenated
fuel and 23% oxygen enrichment cases, mass fueling rate and intake pressure were held equal to that under

base operation. Using Eq. (3), the overall base reaction equation is the following:

C,sH,, +33.715(0, +3.76N,) — Products  (24)

Assuming a similar mass flow rate, an equation similar to Eq. (7) may be written for the overall reaction of
the lower density 20% MTBE oxygenated fuel:

1.13026[0.8C ;H 5, ¢ +0.2C,H ,0]+33.715(0, +3.76N, ) —> Products (25)

Under 23% oxygen enrichment, an equation similar to Eq. (10) may be used for the overall reaction
equation. However, since oxygen was added to boost the intake to 23% oxygen, while fuel flow rate and
intake pressure were maintained at base operating conditions, A5 can not be calculated with an overall
equivalence ratio of 0.65. Under equivalent intake pressure and assumed temperatures, the moles of air
under base operation must equal the moles of “air” under oxygen enriched conditions. Therefore, the

overall reaction equation under 23% oxygen enriched combustion becomes:

C,sH oy +32.8653(1 +0.12312)0, +3.76N, | > Products  (26)
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Figure 14. Variation in two-color output (view-averaged temperatures and KL-factors) for mode 6 (75%
load) operation at three different TVC injection timings (3™ combustion event).

Therefore, overall, the 20% MTBE oxygenated fuel has a 0.3% ’higher oxygen concentration than that
under base operation. But, locally, the 20% MTBE oxygenated fuel has approximately a 4.6% (actually
estimated between 3.1 and 6.1%) higher oxygen concentration than that under base operation. Similarly,
23% oxygen enrichment has overall and locally a 9.5% higher oxygen concentration than that under base
operation. Between 20% MTBE oxygenated fuel and 23% oxygen enriched combustion, the 23% oxygen
enriched combustion has overall a 9.1% higher oxygen concentration. However, locally, the 23% oxygen
enriched combustion has a 6.2% higher oxygen concentration than that under 20% MTBE oxygenated fuel

operation.
TWO-COLOR DATA

The tWo—color method is a measuring technique used to obtain the soot‘temperature and concentration
inside a flame. Since the diesel engine produces soot, where the temperature of the soot offers a good
description of the in-cylinder temperatures, the two-color technique is applicable in obtaining in-cylinder

flame temperatures and soot concentrations. A detailed derivation of the two-color method can be found in
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the Appendix. This section will present the two-color data for baseline, 20% MTBE oxygenated fuel, and
23% oxygen enriched combustion.

Filmed mode-6 baseline data

The baseline data in Fig. 14 presents view-averaged data for the third combustion event. The temperature
and KL-factor data shown at each TVC injector timing are similar, although shifted in phasing. With
timing retard, in-cylinder temperatures remain higher later into the combustion cycle. The average KL-
factors for each specific temperature range are also generally larger later into the combustion cycle with
timing retard.
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Figure 15. Variation in two-color output between mode-6 baseline (75% load, 21% Q) operation Ei
combustion) and mode-6 oxygen enrichment (75% load, 23% O) operation (3rcl combustion) at TVC=10
injection timing (7,=0.45, 1,=0.70).

Filmed oxygen enrichment data
As shown in Fig. 15, for TVC=10, the two-color baseline data presented in Fig. 14 are compared with
filmed 23% oxygen enrichment data. Fig. 15 suggests that the in-cylinder temperatures are higher and KL-

factors are lower, especially noticeable within the mixing-controlled dominated portion of the combustion
cycle (between 20 and 60 CA® atdc).
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Figure 16. Two-color base (21% O, 3 combustion) and oxygen enrichment (23% O, 3" combustion)
temperature data for mode-6 (75% load) at TVC=10 (7,=0.30, 1=0.78).
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injection timing (t,=0.45, 1,=0.70).

Further differences with oxygen enrichment can be observed by Fig. 16, which shows the percent of the
viewed area covered by the different temperature regimes. After the initial combustion, a much larger field
of view is covered by the different temperature regimes under oxygen enrichment. The higher exhaust
NOx emissions with oxygen enrichment are understandable since a much larger fraction of the bulk gas
partakes in the high temperature combustion process, as inferred from the larger field of view covered by

soot emissions.

66




The data in Fig. 13 showed that TVC=30 baseline operation has similar NOx emissions to TVC=10 23%
oxygen enrichment operation. However, even though particulate emissions are drastically reduced from the
TVC=10 baseline timing condition, the TVC=10 23% oxygen enriched particulate matter emissions is
slightly higher than that under TVC=30 baseline operation. Fig. 17 compares the view-averaged two-color
output for the TVC=30 baseline and TVC=10 23% oxygen enriched operating conditions. The figure
shows similar histories in temperature and KL-factors, although shifted in phasing. The similar time and
magnitude of high temperature combustion likely explains, in part, the similar NOx emissions. However,
the data only indicate the thermal effect of oxygen enrichment. A dilution-effect probably also plays a role.
The higher late-cycle KL-factors are consistent with the observed slightly higher exhaust particulate
emissions.
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Figure 18. View-averaged two-color temperature and KL-factor comparisons of base, oxygen enrichment,
and oxygenated fuel (w/ MTBE) runs under mode-6 operation at TVC=10. Optic spectral transmissivities
at 0.45 and 0.70.

Filmed oxygenated fuel data

Fig. 18 compares, for TVC=10, the view-average two-color baseline, 23% oxygen enrichment, and 20%
MTBE oxygenated fuel operation data. Fig. 18 suggests that, during the mixing-controlled portion of
combustion, the in-cylinder temperatures are highest with 23% oxygen enrichment and lowest with
baseline operation.  The 20% MTBE oxygenated-fuel operating temperatures are similar, but higher, than
baseline operation. Inversely, the highest KL-factors are seen with baseline operation. Differences in KL-
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factor between 23% oxygen enrichment and 20% MTBE oxygenated fuel operation are hard to distinguish,
although KL-factors generally appear slightly higher for 23% oxygen enrichment.

Fig. 19 shows the maximum in-cylinder two-color temperatures obtained under baseline, 20% MTBE
oxygenated fuel, and 23% oxygen enrichment operation. As with the average two-color data, the
maximum temperatures are seen with 23% oxygen enrichment, followed by 20% MTBE oxygenated fuel
operation, with the lowest temperatures seen under baseline operation.
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Figure 19. Maximum two-color temperature and KL-factors for base, oxygen enrichment, and oxygenated
fuel (w/ MTBE) runs under mode-6 operation at TVC=10. Optic spectral transmissivities at 0.45 and 0.70.

SUMMARY

Increasing the concentration of oxygen from 21 to 22% by oxygen enrichment drastically reduces
particulate matter emissions while only moderately increasing NOx emissions, the exact magnitudes
depending on injection timing. However, after 23% oxygen enrichment, the increased benefits of oxygen
enrichment to particulate matter emissions are slight, while the unfavorable effects on NOx emissions are
great. At both loads, oxygen enrichment decreased ignition delay and raised the peak cylinder pressure, but
was found to have no large effect on performance. Unlike oxygen enrichment, the oxygenated fuel was
found to reduce particulate matter emissions and have little effect on NOx emissions. Under 75% load
retarded timing operation, known to be high sooting, a 20% MTBE mixture was only found to reduce
particulate by 14%. Further improvements would be gained by running neat MTBE.

An elemental analysis of the base, 20% MTBE oxygenated fuel, and 23% oxygen enrichment operating
conditions demonstrated that the oxygenated fuel and oxygen enriched operations add locally
approximately 4.6 and 9.5% more oxygen, respectively, than that under base operation. Hence, the
experimental data give validity to the conclusion that higher local oxygen concentrations reduce fuel
pyrolysis and increase soot oxidation. The elemental analysis also found, globally, that the oxygenated fuel
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has little effect on the bulk cylinder gas oxygen concentration. However, oxygen enrichment has a large
dilution effect, having overall (and locally) a 9.5% higher oxygen concentration than that under base
operation, favorably promoting NOx formation since as much as half of all NOx is formed in the bulk post-
combustion cylinder gas.

Two-color analysis of oxygen enrichment confirms that a much larger fraction of the bulk gas does partake
in high temperature combustion, likely due to an increase in oxygen. Two-color data showed that the in-
cylinder temperatures are highest with 23% oxygen enrichment, followed by the 20% MTBE oxygenated
fuel, and then base fuel operation. Inversely, KL-factors (or soot) are highest with baseline operation.
Differences in KL-factors between the oxygen enhancing methods are inconclusive.

CONCLUSION

Oxygen enrichment has a similar effect with load on engine output. Oxygen enrichment detrimentally
increases NOx through increased temperatures and oxygen concentration and decreases particulate through
reduced fuel pyrolysis and increased soot oxidation. The magnitudes of these effects differ, however, due
to the differences in fuel loading.

The MTBE oxygenated fuel mixture has a lower density and a higher fraction of higher volatile
components compared to the base diesel fuel. The ignitioﬁ delays are similar for both base fuel and
oxygenated fuel mixture. The observed retarded start of combustion with the MTBE mixture is misleading
since its delay is due primarily to a retarded start of injection caused by the lower density of the oxygenated
fuel mixture. Likewise, the lower peak cylinder pressure with the oxygenated fuel is likely due to the lower
heating value of the oxygenated fuel mixture. The initial premix burn mode of combustion is larger with
the oxygenated fuel mixture since the MTBE blended fuel has a larger fraction of lower boiling point

temperature components.

The analysis indicates that the improvement in the exhaust emissions depended almost entirely on the local
oxygen concentration in the fuel plume, regardless of the method of oxygen enhancement. Oxygen
enrichment had a larger reducing effect on the particulate matter emissions due to the locally larger
concentration of oxygen in the fuel plume. The oxygenated fuel would likely have achieved a similar
reduction with comparable oxygen loading. As discussed in the literature review, research with oxygenated
fuel agents has similarly shown emissions and performance to be almost entircly dependant on the oxygen
content in the fuels, regardless of the oxygenate to diesel fuel blend ratibs and the type of oxygenate.
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